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The molecular basis of species diversity on earth 
Earth is an exceptional planet that contains numerous life forms, ranging from unicellular 
bacteria to massive animals like the whale or the elephant. The origin of the tremendous 
diversity among all organisms has puzzled many scientists for centuries. How is it possible 
that there are so many different flowers that all seem to be adapted to their pollinators or 
environment? A theory that could explain the species diversity was published in 1859 by 
Charles Darwin in his book ‘On the Origin of Species by Means of Natural Selection, or the 
Preservation of Favoured Races in the Struggle for Life’ (http://en.wikipedia.org/wiki/ 
Charles_Darwin). Darwin hypothesized that in the struggle for life, natural selection will 
favor the individuals that have an advantageous trait. These individuals will produce more 
offspring that inherit the trait, while members of the same species without the advantageous 
trait will gradually die out. This results in preservation of the trait in the population. If several 
new traits are established in a population, a new species may form.  
In Darwin’s time, it was unclear how new traits could evolve and be passed on to the 
offspring. The rediscovery of the work of Gregor Mendel in the early 20th century led to the 
insight that chromosomes, and more specific genes, were the carriers of the genetic 
information. In 1944, Avery, McLeod and McCarty identified DNA as the molecule that 
contained the instructions for the organism’s development and that carried the genetic 
information. Chromosomes were found to be very large DNA-molecules that contain genes, 
DNA-units that hold the information for a certain trait. The sequence of the four nucleotides 
that form the basis of the DNA molecule (adenine, thymine, guanine and cytosine) determine 
the features of the gene. If a mutation occurs in the DNA sequence, the gene will be altered 
and the corresponding trait may change. The proceedings in molecular biology justified a 
further implementation of Darwin’s theory in the scientific world. 
  
Darwin also proposed the theory of ‘Universal Common Descent’. This theory was based on 
the idea that all life on earth shared the same common ancestor. This ancestor was thought to 
be a unicellular organism that contained the basic mechanisms of life that are present in all 
species. A few decades later, this theory was supported by the observation that all organisms 
contain the same amino acids and nucleic acids.  
The genome of unicellular organisms is much smaller than that of multicellular 
organisms. To illustrate, the bacterium Mycoplasma pneumoniae contains only 677 genes, 
while the genome of the model plant Arabidopsis thaliana contains approximately 30,000 
genes (Zhang, 2003). Apparently, the genetic material has increased during the process of 
evolution. The expanded genomes of higher organisms provide a source of new genetic 
material that can be altered by mutations. These mutations may be disadvantageous, resulting 
in a reduced fitness of the organism, but the mutation can also be beneficial and lead to the 
development of a new or altered feature. In the former case, natural selection results in the 
disappearance of individuals with the mutation, in the latter case, the mutation will be 
preserved.  
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Gene and genome duplication and the fate of duplicated genes 
The idea that evolution took place by gene and genome duplications was elaborated by S. 
Ohno in 1970. The sequencing of several genomes in the late 1990s showed that duplicated 
genes were indeed abundantly present, which increased the belief that duplication events have 
been very important for evolution. Gene duplication events are supposed to be random and 
can occur in various ways. An event that results in many duplicated genes at the same time is 
the duplication of the entire genome. This mode of duplication is thought to be the primary 
source of gene duplicates in plants (Crow and Wagner, 2006). There is evidence that the 
angiosperms underwent two whole-genome duplications early in their evolutionary history. In 
Arabidopsis, a third genome duplication took place approximately 70 million years ago (mya) 
(De Bodt et al., 2005). Maere et al. (2005) estimated that 59% of the genes in Arabidopsis 
arose from one of the three whole-genome duplications. The other 41% was duplicated during 
more subtle events that occur constantly in evolution. These latter duplications can result from 
unequal crossing-over, retroposition or chromosomal duplication (Zhang, 2003).  
 Chromosomal duplications can be compared with genome duplications, since many 
duplicated genes are formed in one event. Unequal crossing over results in duplicated regions 
that can either contain a part of a gene, an entire gene, or several genes. Retroposition occurs 
when an mRNA is reversed transcribed to DNA and incorporated in the genome. 
Retropositioned genes can be recognized because they have no introns, they lack regulatory 
sequences and remnants of a poly A-tail can often be found. Because regulatory elements are 
not present, a retropositioned gene is usually not transcribed and develops into a pseudogene. 
In contrary to retropositioned genes, genes that result from unequal crossing-over will be 
present nearby the original gene. Dependent on the position of the crossing-over, all 
regulatory elements and introns may be present and the gene may start as a fully functional 
copy.  
 
In the absence of genome duplications, the average eukaryotic gene is duplicated once every 
100 Million years. It has been postulated that three alternative outcomes exist in the evolution 
of duplicated genes (Lynch and Conery, 2000; See Figure 1): 
1) One copy may simply become silenced by degenerative mutations (nonfunctionalization) 
2) One copy may acquire a new, beneficial function and become preserved by natural 
selection, while the other copy maintains the original function (neofunctionalization). 
3) Both copies may become partially affected by the accumulation of mutations to the point 
at which their total capacity is reduced to the level of the single-copy ancestral gene 
(subfunctionalization). 
The fate of a duplicated gene is dependent on its function and the mode of duplication. Maere 
et al. (2005) found that gene decay of genes created in large-scale duplication events is low if 
those genes are involved in kinase activity, transcription, protein binding and modification 
and signal transduction pathways. On the other hand, the decay of these genes is high when 
they are duplicated in small-scale duplication events. This can be explained by the fact that 
many transcription factors and kinases function in protein complexes. Therefore, a duplication 
event is only useful if the interaction partners are duplicated as well. If only one gene is 
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duplicated, the dosage balance between the different interactors is disturbed, which is almost 
always a disadvantage.  
Subfunctionalization or neofunctionalization can either occur by mutations in the 
coding sequence or by mutations in the regulatory sequence, or both. Changes of gene 
expression after gene duplication appear to be a general rule rather than an exception and 
these changes often occur quickly after gene duplication (Henschel et al., 2002). However, 
also changes in the expression pattern will be disadvantageous in most cases and the vast 
majority of the duplicated genes does neither subfunctionalize nor neofunctionalize and 
becomes silent by degenerative mutations. This silencing occurs usually already within a few 
million years after duplication (Zhang, 2003). 
The duplication of genes results in novel genes that have a sequence very similar to 
that of the original genes. In evolution, genes were duplicated several times, resulting in gene 
families that comprise a few to many homologous genes. Since the sequences of the genes and 
proteins within a family are very homologous, the family members usually share several 
features, like the ability to bind DNA or to dimerize. Gene families that are often found to 
function at the beginning of processes are families of transcription factors, which regulate the 
expression of downstream genes. Transcription factors that are responsible for the identity 
specification of organs (either in animals or plants) are called homeotic genes. Mutations in 
homeotic genes are likely to exhibit major effects. In evolution, neofunctionalization of 
homeotic genes will thus have a major impact on organ development and can result in the 
origin of new species and even new taxonomic clades. A typical example of this is the rise of 
the angiosperms (flowering plants) during the Cretaceous, 145 Mya (De Bodt et al., 2005).  
 
The Origin of the Angiosperms 
Angiosperms appeared rather suddenly in the fossil record at the end of the Jurassic (208-145 
Mya). In the relatively short time of their existence, they diversified tremendously and became 
Figure 1. The fate of duplicated genes. Adapted from Force et al. (1999) 
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the largest group of terrestrial plants with over 250,000 species. The ecological dominance of 
the angiosperms over the gymnosperms, ferns and mosses is the result of three unique 
beneficial features: 1) the evolution of the carpel, 2) the emergence of double fertilization and 
3) the origin of the flower. The modern angiosperms did not appear until the Early Cretaceous 
(145-125 Mya), when the final combination of these three angiosperm characteristics occurred 
(De Bodt et al., 2005). 
There is substantial evidence that two large-scale genome duplications in the 
beginning of angiosperm evolution initiated the appearance of the three unique features 
(Becker et al., 2000; De Bodt et al., 2005). Both duplication events resulted in a remarkable 
increase in the number of MADS box transcription factors in angiosperms. Whereas animals 
and fungi contain only a few genes belonging to this family, the genomes of plants, and in 
particular angiosperms, contain numerous MADS box genes. Research in the model species 
Arabidopsis thaliana (thale cress) and Anthirrhinum majus (snapdragon) revealed that many 
duplicated MADS box genes acted as homeotic genes and were recruited for the development 
of two of the three unique angiosperm features, the carpel and the flower. 
 
The ABCDE model 
The MADS box gene family is named after the first members that were discovered: MCM1 
(yeast), AGAMOUS (Arabidopsis), DEFICIENS (Antirrhinum) and SRF1 (animals). The 
representatives in plants, AGAMOUS (AG) and DEFICIENS (DEF) proved to be important for 
floral organ development (Sommer et al., 1990; Yanofsky et al., 1990). The analysis of many 
flower development mutants revealed that several different MADS box genes are involved in 
the process of flower formation. Based on their specific functions, those genes were 
subdivided in five classes and an ABCDE model of floral organ development was proposed 
(Figure 2) (Coen and Meyerowitz, 1991; Ferrario et al., 2004). In this model, the transcription 
factors interact to form protein complexes that specify the identity of the four different floral 
organs. The E-class proteins interact with proteins from the four other classes and are essential 
for the formation of the different functional complexes. In Arabidopsis, the SEPALLATA 
(SEP) genes function redundantly as E-class genes and a sep1 sep2 sep3 triple mutant results 
in the loss of petal, stamen and carpel identity (Alvarez-Buylla et al., 2000a). If also SEP4 is 
knocked out, sepals are more or less converted to leaves (Ditta et al., 2004). The other 
functional classes are more specifically required for floral organ formation. The A-function 
defines the sepals, A and B together determine petal development, B- and C-function is 
necessary for the formation of the stamens and C-function alone defines the carpels. The D-
function is required for the formation of the ovules in combination with the C-function 
(Angenent et al., 1995; Colombo et al., 1997). In Arabidopsis thaliana two A class genes are 
present (AP1 and AP2; Irish and Sussex, 1990), two B-class genes (PI and AP3; Goto and 
Meyerowitz, 1994), and one C class gene (AG; Yanofsky et al., 1990), while four genes carry 
out the D-function in a redundant manner (AG, STK, SHP1 and SHP2; Favaro et al., 2003). 
All genes functioning in this model are MADS box genes, except for AP2 that belongs to the 
AP2-like gene family. Alongside Arabidopsis, flower development was also extensively 
studied in other species, like Antirrhinum majus and Petunia hybrida. In those species, an 
ABCDE model could be defined as well. Except for the A-function that seems to be 
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differently regulated in these species, MADS box homologs were found to be responsible for 
the different functions in the alternative models as well (Ferrario et al., 2004; Rijpkema et al., 
2006) However, especially in petunia, more duplications in the MADS box clade have 
occurred and most of the functions revealed to be carried out by several, redundantly acting 
genes.  
Although MADS box genes in plants became famous for their role in flower 
formation, several genes exhibit other functions (Pařenicová et al., 2003). Some MADS box 
genes are ‘flowering time genes’ (e.g. SOC1, FLC1, AGL24, MAF1/FLM and SVP) or 
‘meristem identity genes’ (AP1, FUL, CAL), others function in seed maturation and fruit 
development (SHP1, SHP2, FUL, ABS). Furthermore, there is also a MADS box gene isolated 
that is induced by nitrogen and controls nutrient-induced changes in root architecture (ANR1; 
Zhang and Forde, 1998).  
All plant MADS box genes that were described before the year 2000 belong to the 
MIKC-type of MADS box genes. These genes share, besides the M (MADS box) domain, 
three conserved regions: the I (intervening), K (keratin-like), and C (C-terminal motif) regions 
(Alvarez-Buylla et al., 2000b; Ng and Yanofsky, 2001; Messenguy and Dubois, 2003). The 
MADS box consists of approximately 60 amino acids and is the DNA binding domain, while 
the K domain is involved in the interaction with other proteins. For some MADS protein 
interactions it has been shown that the I region and the C-terminal part of the MADS domain 
play a role in the specificity of protein-protein interactions (Messenguy and Dubois, 2003; 
Yang and Jack, 2004). 
 
The discovery of type I MADS box genes 
The complete sequencing of the Arabidopsis thaliana genome (Arabidopsis Genome 
Initiative, 2000) enabled the identification of all members of the MADS box gene family in 
the Arabidopsis genome by homology searches. This resulted in the discovery of an entirely 
new group of MADS box genes in plants: type I MADS box genes (Alvarez-Buylla et al., 
2000b). In contrast to the MIKC-type MADS box genes, type I MADS box genes only have 
the MADS box in common and are therefore also called M-type MADS box genes (Kofuji et 
al., 2003). Surprisingly, the type I MADS box genes were found to outnumber the MIKC-type 
Figure 2. The ABCDE-model of flower development.  
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genes in the Arabidopsis genome: 61 type I genes versus 46 MIKC-type genes. Despite this 
high number of type I genes in the Arabidopsis genome, no mutants had been described and 
no genes had been reported in any species before the year 2000. 
   
The ancestry of type I MADS box genes  
In 2000, when not even all type I members of Arabidopsis were identified, Alvarez-Buylla 
and colleagues published a paper on the phylogeny of the entire MADS box family in fungi, 
animals and plants. The phylogenetic trees presented in their report show that the MIKC-type 
and type I MADS box genes from plants are not monophyletic. Moreover, type I MADS box 
genes tend to group together with the SRF-type MADS box genes from fungi and animals, 
indicating that the SRF and plant type I genes share a common ancestor. On the other hand, 
MIKC-type genes appear to be more closely related to the MEF2-type genes from fungi and 
animals. Based on this analysis, Alvarez-Buylla et al. concluded that an ancestral MADS box 
gene duplication occurred before the divergence of plants and animals to give rise to two 
different lineages: type I and type II. However, only 10 type I genes from Arabidopsis were 
taken into account in this study and the evidence for the monophyletic origin of the plant type 
I genes and the SRF type genes is poor. 
De Bodt et al. (2003b) and Pařenicová et al. (2003) analyzed a larger set of type I MADS box 
genes. In the study of De Bodt et al., the authors used the available type I members from the 
rice genome in addition to the almost complete set of type I MADS box genes from 
Arabidopsis. They describe additional conserved motifs C-terminal from the MADS box that 
are not present in all type I genes, but only in certain subclades. Based on these motifs and the 
sequence of the MADS box, type I MADS box genes in plants were further subdivided into 
four different classes: M, N, O and MADS-like genes. In parallel, Pařenicová et al. (2003) 
identified the same groups and named them Mα, Mγ, Mδ and Mβ respectively. Subsequent 
Figure 3. Evolution of the MADS box family in eukaryotes. Left panel: evolutionary model 
proposed by Alvarez-Buylla et al. (2000). Right panel: Phylogeny as described by Nam et al. 
(2004). 
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studies by De Bodt et al. (2003a) revealed that the O/Mδ class did not belong to the type I 
genes at all. Instead, this class of genes turned out to be related to two genes that were isolated 
from the genome of the moss Physcomitrella patens (Henschel et al., 2002). Although the 
structure of these genes is different from that of the previously known MIKC-type genes, an I, 
K and C region could be recognized. However, the I-domain of Mδ genes is encoded by 
several exons, whereas the I-domain of MIKC-type genes is mainly encoded by only one exon 
(Henschel et al., 2002; De Bodt et al., 2003a; Kofuji et al., 2003). Therefore, the O/Mδ class 
was assigned to MIKC-type genes and renamed into the MIKC* class. The currently accepted 
division of the MADS box genes in plants comprises the MIKC-type genes, containing the 
classes MIKCc and MIKC*, and the type I genes, containing the subclasses Mα, Mβ and Mγ. 
 
The studies of Alvarez-Buylla et al. (2000b), De Bodt et al. (2003b) and Pařenicová et al. 
(2003) resolved to a large extent the phylogeny of the MADS box genes in Arabidopsis, but 
the evolutionary relationships and ancestry of the type I genes remained largely unclear. The 
sequence conservation among all MADS box proteins from fungi, animals and plants is low. 
The MADS-domain consists of approximately 60 amino acids, of which only 3 residues are 
present at the same position in every protein. Since phylogenetic analyses using many genes 
that contain a low number of informative residues results in poorly supported trees, it is 
difficult to analyze the ancestry of the plant MADS box genes. However, the availability of 
more type I sequences from both rice and Arabidopsis allowed De Bodt et al. (2003a), Kofuji 
et al. (2003) and Nam et al. (2004) to generate more reliable phylogenetic trees. In contrary to 
Alverez-Buylla et al. (2000b), their analyses suggest that the type I genes are not 
monophyletic. It appears that the Mγ- and Mβ-type genes are closest to the SRF-type genes, 
whereas the Mα-type genes are more related to the MEF2-type genes instead of to the SRF-
type genes (Figure 3). Moreover, the branch lengths of the type I genes in the phylogenetic 
tree are much longer than those of the MIKC-type genes, suggesting that the functional 
constraints on the type I genes are less (Kofuji et al., 2003). 
Although the recent phylogenetic trees based on a more extensive set of MADS box 
genes seem to be more reliable than the original evolutionary analysis of Alvarez-Buylla et 
al., the ancestry of the type I MADS box genes is still doubtful. The isolation of type I MADS 
box sequences from diverse plant species, especially basal plant species, will provide a better 
insight in the evolution of the type I genes in plants. 
 
Features of type I MADS box genes 
Despite the probable polyphyletic origin of the Mα, Mβ and Mγ subclasses, type I genes have 
several features in common. First of all, the majority of the type I proteins are encoded by a 
single exon, whereas the average MIKC-type gene consists of seven exons. Only ~20% of the 
type I genes are predicted to contain an intron (De Bodt et al., 2003b). Secondly, the type I 
genes are differentially distributed across the Arabidopsis chromosomes. Whereas MIKC-type 
genes can be found evenly across all five chromosomes, the type I genes are predominantly 
located on chromosomes I and V. This difference is thought to result from the different modes 
of duplication that were responsible for the extension of the two lineages (Martinez-Castilla 
and Alvarez-Buylla, 2003; Pařenicová et al., 2003). The MIKC-type genes were probably 
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duplicated during the whole-genome duplications that occurred early in the angiosperm 
evolution. On the contrary, type I genes are thought to be duplicated during intra-
chromosomal duplication events (unequal crossing over). This indicates that the extension of 
the number of type I genes in Arabidopsis does not date back to one of the whole-genome 
duplications, but happened rather gradually and probably more recently in evolution 
(Martinez-Castilla and Alvarez-Buylla, 2003). This hypothesis is supported by the observation 
that none of the Arabidopsis type I genes has a distinct ortholog in rice. In the neighbor 
joining tree published by the Bodt et al. (2003b), type I genes from rice and Arabidopsis form 
separate clades, indicating that the duplications that resulted in the increased numbers of type 
I genes occurred after the divergence of rice and Arabidopsis. 
Another important difference between type I and MIKC-type genes is the level at 
which the genes are expressed. Expression studies of the MADS box family in Arabidopsis 
were performed by Pařenicová et al. (2003) and Kofuji et al. (2003). In both studies, it turned 
out to be very difficult to detect type I genes by northern blot or macroarray hybridisations. 
Pařenicová et al. (2003) detected only a signal with northern blot analysis for two of the 24 
tested genes; the macroarray analyses of Kofuji et al. (2003) failed to detect expression of 56 
out of the 61 type I genes tested. Although the expression of the majority of the type I genes is 
low, 55 different type I transcripts were detected by RT-PCR (Pařenicová et al., 2003). The 
Mα and Mγ subclasses showed to be predominantly expressed in the inflorescences and 
siliques. Kofuji et al. (2003) also detected transcripts of a few type I genes in pollen. Recent 
studies by Portereiko et al. (2006) and data presented in this thesis suggest that many type I 
MADS box genes are specifically expressed in the female gametophyte. 
A general feature of MADS box transcription factors is their ability to dimerize and 
form homo- and heterodimers or higher order complexes. The interaction patterns of the 
MIKC-type proteins have been thoroughly investigated in Arabidopsis and other plant species 
(Davies et al., 1996; Honma and Goto, 2001; De Folter et al., 2005). These studies revealed 
that MIKC-type proteins interact predominantly with other MIKC-type proteins to form 
complexes that promote floral organ formation or regulate other processes. The only data that 
is available on type I protein interactions descends from the study of De Folter et al. (2005), 
who used the yeast two-hybrid system to compose an interaction map of the Arabidopsis 
MADS box transcription factors and found that several type I proteins have the ability to 
dimerize as well. Furthermore, the study reveals that Mα-type proteins tend to interact with 
Mγ-type proteins and vice versa. Interactions between two Mα- or two Mγ-proteins were 
rarely observed.  
 
Functions of type I MADS box genes 
Until recently, not a single mutant phenotype of a type I MADS box gene was described. This 
is very remarkable, considering the fact that the type I genes outnumber the MIKC-type genes 
in the Arabidopsis genome. Since the discovery of the type I genes in 2000, many single T-
DNA insertion mutants were investigated, but no mutant phenotypes were observed 
(Pařenicová et al., 2003). The first functional study of an Mγ-type gene was published by 
Kohler et al. (2003a), involving the role of PHERES1/AGL37 (PHE1) in seed development. 
PHE1 is paternally expressed during embryo and endosperm development and a direct target 
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of the Polycomb group protein MEDEA. Although the phe1 mutant did not show a mutant 
phenotype, reduced expression levels of PHE1 in medea mutant seeds restored partially the 
mutant phenotype, indicating a role of PHE1 repression in seed development. 
Recently, Portereiko et al. (2006) published the functional studies of a second Mγ-type 
gene: AGL80. The agl80 or fem111 mutant showed a distorted segregation due to a defect in 
the female gametophyte. More specifically, the agl80 mutant did not develop endosperm after 
fertilization, resulting in degeneration of the embryo. In correspondence with this phenotype, 
the transcripts of AGL80 were detected in the central cell and the endosperm. Both the studies 
of Kohler et al. (2003a) and Portereiko et al. (2006) demonstrate that at least some type I 
MADS box genes are functional. However, the limited progress in uncovering type I gene 
functions confirms the general picture that mutant type I phenotypes are very difficult to find. 
In the following paragraphs, possible reasons for the lack of mutant type I phenotypes are 
discussed.  
 
The relation between type I evolution and type I functions 
Type I genes were found to be duplicated mainly during small-scale duplication events. These 
events may result from unequal crossing over or retroposition. Since the type I duplicated 
genes are often present nearby the original gene, unequal crossing over appears to be the 
major mode of duplication. However, some paralogous genes are also found on locations that 
are not linked to the original gene. Those genes may result from retroposition. Retropositioned 
genes lack introns and regulatory sequences and are thus very likely to evolve into 
pseudogenes that are no longer transcribed or translated, and will accumulate mutations until 
the MADS box cannot be recognized anymore. Kofuji et al. (2003) calculated that a 
pseudogene that originated at the time of eudicot/monocot divergence would to date not be 
recognizable as MADS box gene any more. However, many type I genes were duplicated 
after this divergence (De Bodt et al., 2003b) and more recently duplicated genes may 
therefore still be included in the different studies.  
 The fact that the majority of the type I genes are intronless supports the hypothesis that 
they may have arisen from retroposition. In addition to the abscence of introns, pseudogenes 
can also often be recognized by the presence of a poly-A sequence at their 3’ region. Kofuji et 
al. (2003) reported the presence of such a sequence in the gene At5g49490 (AGL84), but did 
not find any poly-A remnants in the other type I genes. Thus, the majority of the type I genes 
do probably not result from retroposition.  
Genes that are duplicated via unequal crossing over maintain all or a part of their 
regulatory sequences and will often be expressed shortly after duplication. However, the most 
likely fate of these duplicates is to be silenced by degenerative mutations within a few million 
years after duplication (Lynch and Conery, 2000). These non-functional genes can be 
recognized by the presence of early stop codons in the MADS box. Nam et al. (2004) 
identified nine type I-like pseudogenes in Arabidopsis that had a premature stop codon. In 
addition, 28 type I-like pseudogenes were recognized by the absence of the MADS box or the 
presence of major deletions. There may be more type I paralogues that were recently 
duplicated and are not yet recognizable as pseudogenes. However, since expression can be 
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detected for the majority of the 61 type I genes in Arabidopsis that are considered functional, 
it is not very likely that many are pseudogenes.  
Another possible outcome of gene duplication is that both copies become partially 
affected by the accumulation of mutations and loose some capacity of the original gene. Both 
copies may still be able to carry out a major part of the original function, resulting in 
functional redundancy of the two duplicates. Redundancy is a well-known phenomenon 
among the MIKC-type MADS box genes. Several close homologs such as AP1/CAL/FUL 
(Ferrándiz et al., 2000), the SEP genes (Alvarez-Buylla et al., 2000a) and STK/SHP1/SHP2 
(Pinyopich et al., 2003) were shown to function in a redundant manner. In petunia, this 
phenomenon is even more distinct, since more B-function genes are present and there are six 
SEP-like genes that are able to fulfill the E function to a certain extent (Rijpkema et al., 2006). 
 The search for type I mutant phenotypes in Arabidopsis has only been carried out by 
investigating single T-DNA insertion mutants. However, since many type I genes may 
function redundantly, a single gene knock-out will not result in a phenotype. The problem of 
redundancy already appeared in the PHE1 study of Kohler et al. (2003). Homology searches 
revealed the presence of a close homologue, PHE2 (AGL38). This gene is located only 10 kb 
away from PHE1 and has a similar expression pattern, although the expression level is 8-fold 
lower. PHE2 interacts with the same genes as PHE1 and seems to have a similar function 
(Köhler et al., 2003a). This example illustrates that redundancy is probably also common 
among type I MADS box genes. The fact that only single T-DNA mutants have been analyzed 
could therefore explain the absence of mutant phenotypes so far. It may be necessary to 
generate double or triple mutants before an aberrant phenotype can be observed. 
Alternatively, an RNAi approach can be used to knock down several homologous genes 
simultaneously.  
A third explanation for the lack of type I mutant phenotypes may be that the 
phenotypes are simply overlooked, because they are very subtle or only visible under certain 
environmental conditions. Furthermore, the functional constraint on type I genes is lower than 
on MIKC-type genes, (De Bodt et al., 2003a; Martinez-Castilla and Alvarez-Buylla, 2003) 
which indicates that the genes may be of less functional importance and not involved in 
developmental processes. However, the recent functional analyses of type I genes (Portereiko 
et al., 2006; this thesis) contradicts to this statement. AGL80 has a clear function in the 
formation of the endosperm and PHE1 appears to be important for the development of the 
embryo.  
The low expression level of type I genes compared to MIKC-type genes may also 
indicate a different mode of functioning for type I genes. But more likely, the low expression 
levels can be explained by the specific and transient presence of the transcripts and not 
indicate a different mode of functioning.  
The three discussed hypotheses can each explain the lack of mutant phenotypes to a 
certain extent, but none of them fits all data. Probably, a combination of the different 
explanations will approximate the actual situation best.  
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Scope of this thesis  
A wide range of information is available about the sequence and expression of the type I 
MADS box genes in Arabidopsis, but the functions of the majority of the genes are still a 
mystery. Several hypotheses have been postulated to explain the lack of mutant phenotypes, 
but none of them fits all data satisfactory. The fact that type I MADS box genes are probably 
not monophyletic makes it even more difficult to find a simple explanation. To obtain a more 
reliable picture about the evolution of the type I MADS box genes in plants, it is essential to 
include data from more species. In 2003, when this project started, only the type I MADS box 
genes of the Arabidopsis and rice genomes were available. Apart from that, a very short list of 
type I ESTs in other model species was published by De Bodt et al. (2003b). In order to 
determine which genes may be redundant (paralogs) and which genes may be conserved 
(orthologs), sequence information of type I genes from other species has to be collected and 
analyzed. 
 The aim of the study presented in this thesis was to increase our knowledge about the 
type I MADS box genes in angiosperms by combining research in Petunia hybrida and 
Arabidopsis thaliana. A. thaliana, a member of the Brassicaceae family, is the most 
commonly used model species, since it has a small genome that is completely sequenced, a 
short generation time and it can be easily grown in the greenhouse. Petunia is used 
predominantly as a model species for flower research, because it has large ornamental 
flowers. Petunia species have been studied since around 1830 (Rijpkema et al., 2006), but to 
date, molecular studies are mainly performed in Petunia hybrida, a cross between Petunia 
axillaris and Petunia integrifolia. Petunia is a member of the Solanaceae family, which also 
contains several crop species, like tomato, tobacco and potato. The genome of petunia is not 
sequenced, but the presence of the dTPh1 transposable element in the Petunia hybrida variety 
W138 allowed the isolation of many petunia mutants (Koes et al., 1995; Vandenbussche et al., 
2003). Using this powerful transposon system and reverse mutagenesis studies using 
transgenic petunia plants, extensive knowledge was obtained about the role of MIKC-type 
MADS box genes in petunia flower development (Ferrario et al., 2004).  
The flower development studies in petunia lacked any record of type I genes. 
Therefore, the initial goal of this project was the identification of novel type I genes in 
Petunia hybrida. Chapter 2 of this thesis describes the isolation of type I genes from petunia, 
and the subsequent characterization of these genes. To contribute to the understanding of the 
evolution of the type I MADS box genes, the petunia genes are compared with the 
Arabidopsis genes and a phylogenetic tree is constructed from type I genes from various 
species. The evolutionary perspective of type I genes is further deepened in Chapter 3, which 
describes the isolation of several Mγ-type paralogs in petunia that have a highly similar 
coding sequence, but differ in their regulatory regions.  
 The phylogenetic tree presented in Chapter 2 does not only provide information on the 
evolutionary history of type I genes, but also facilitates the recognition of redundant paralogs 
in the different species. Based on this analysis, type I genes from Arabidopsis were selected 
that appeared to be conserved in other species and for which no or only a single possible 
redundant family member was present. One of the selected genes, AGL80, has been found to 
function in the central cell of the embryo sac (Portereiko et al., 2006). Chapter 4 describes 
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the isolation of the petunia homolog of AGL80, PhMADSγ5. A comparison was performed 
between the characteristics and functions of the petunia PhMADSγ5 and Arabidopsis AGL80 
gene. Three other selected genes, AGL61, AGL29 and AGL91 were not yet investigated by 
other researchers and therefore characterized in this study. Chapter 5 describes the functional 
analysis of the Mα-type gene AGL61 in Arabidopsis, based on two independent T-DNA 
insertion lines. The characterization of AGL29 and AGL91, two highly homologous Mα-type 
genes, is the subject of Chapter 6. T-DNA insertion mutants are investigated and a double 
mutant of the two genes was raised to determine if both genes function in a redundant manner. 
 Finally, Chapter 7 gives a general overview of the current knowledge on type I 
MADS box genes. The results from this project are discussed and placed in the perspective of 
other studies. Also, an attempt is made to explain the absence of type I mutant phenotypes and 
the role of type I MADS box genes in the angiosperm evolution is analyzed.  
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ABSTRACT 
 
The MADS box family of transcription factors in plants can be subdivided into MIKC-type 
and type I genes. The MIKC-type genes have been extensively studied and revealed to be very 
important for plant development, whereas the type I MADS box genes are still virtually 
unexplored. From the 61 type I MADS box genes in the Arabidopsis genome, only two genes, 
PHERES1 and AGL80, have been functionally characterized. The current knowledge about 
the function and evolution of type I genes in plants is exclusively based on studies in 
Arabidopsis and rice and does not provide a clear picture. To contribute to a better 
understanding of MADS box type I phylogeny and function in angiosperms, we used Petunia 
hybrida as a model species. Seven novel type I MADS box genes were identified and further 
characterized. In addition, we integrated the type I sequence data from petunia with that from 
several other species present in the TIGR database and computed two phylogenetic trees that 
show the abundance and conservation of the type I genes in the angiosperms. 
 
INTRODUCTION 
 
An important family of transcription factors in plants is the MADS box family with over 100 
members in the Arabidopsis genome. They can be divided into two groups of genes, the 
MIKC-type (type II genes) and type I genes. MIKC-type MADS box genes have been 
extensively studied, both genetically and molecularly, and revealed to be very important for 
developmental processes, such as the determination of floral organ identities. Furthermore, 
MIKC-type genes also play a role in the determination of flowering time, the development of 
inflorescences and the response of roots to nitrate deficiency (for review see: Becker and 
Theissen, 2003). The functions of the MIKC-type genes in floral organ development have 
been described in the ABC-model. This model, which was described by Coen and Meyerowitz 
(1991), originally contained the three functions A, B and C, but was later extended by the D 
and E functions based on petunia studies (For review see: Ferrario et al., 2004; see also 
Chapter I). 
 The MIKC-type genes have been thoroughly investigated, whereas the type I genes, 
which were first described by Alvarez-Buylla et al. (2000b), are virtually unexplored. The 
current knowledge of type I MADS box genes in plants originates from analyses of the 
genomes of Arabidopsis thaliana and Oryza sativa. Type I MADS box genes lack a K-box 
domain, which is typical for MIKC-type proteins, and can be subdivided into three subclasses, 
Mα, Mβ and Mγ, which are probably polyphyletic (De Bodt et al., 2003a). In the Arabidopsis 
genome, 61 type I genes have been recognized, of which 25 Mα-, 20 Mβ- and 16 Mγ-type 
genes. Despite the polyphyletic origin, type I genes from Arabidopsis have several features in 
common. First of all, the majority of the type I proteins are encoded by a single exon, whereas 
the MIKC-type genes generally consist of seven exons. Secondly, the type I genes are 
predominantly located on chromosomes I and V. This indicates that the extension of the 
number of type I genes in the Arabidopsis genome does not date back to one of the whole-
genome duplications (like the duplications of the MIKC-type genes), but happened rather 
gradually and probably more recently, via intrachromosomal duplications (Martinez-Castilla 
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and Alvarez-Buylla, 2003; Pařenicová et al., 2003). The recent origin of the type I genes in 
Arabidopsis is supported by the observation that none of the Arabidopsis type I genes has a 
distinct ortholog in rice. In the phylogenetic tree published by de Bodt et al. (2003b), type I 
genes from rice and Arabidopsis form separate clades, indicating that the duplication of the 
majority of type I genes occurred after the divergence of monocots and eudicots. The presence 
of many recently duplicated genes suggests that a large proportion of the type I genes may 
have redundant functions.  
Another characteristic of type I genes from Arabidopsis is their weak expression. 
Studies by Pařenicová et al. (2003) and Kofuji et al. (2003) showed that the majority of the 
type I transcripts can only be detected by sensitive RT-PCR and not by in situ hybridization or 
northern blot analysis. Pařenicová et al. (2003) reported that the Mα and Mγ subclasses are 
predominantly expressed in the inflorescences and siliques.  
Since the discovery of the type I genes in 2000, many single T-DNA insertion mutants 
of Arabidopsis have been investigated, but until recently, this did not result in the discovery of 
mutant phenotypes (Pařenicová et al., 2003). Kohler et al. (2003a) published the first 
functional study of a Mγ-type MADS box gene from Arabidopsis, on the role of 
PHERES1/AGL37 (PHE1) in seed development. Although the phe1 mutant did not show a 
mutant phenotype, reduced expression levels of PHE1 in medea mutant seeds restored 
partially the mutant phenotype, indicating a role of PHE1 repression in seed development.  
The first Mγ-type mutant, agl80/fem111, was reported by Portereiko et al. (2006). The 
mutant showed a distorted segregation due to a defect in the female gametophyte. More 
specifically, the agl80 mutant did not develop endosperm after fertilization, resulting in 
degeneration of the embryo. In correspondence with this phenotype, the transcripts of AGL80 
were detected in the central cell and the endosperm. Both the studies of Kohler et al. (2003a) 
and Portereiko et al. (2006) demonstrate that at least some type I MADS box genes are 
functional. However, the limited progress in uncovering type I gene functions confirms the 
general picture that mutant type I phenotypes are very difficult to find. 
So far, studies on MADS box type I phylogeny and gene function have only been 
carried out with Arabidopsis and rice type I genes. Although this research resulted in the 
definition of type I features and a hypothesis on the evolution of type I genes, it remains 
uncertain whether these findings can be extrapolated to other plant species. Furthermore, the 
lack of mutant phenotypes, possibly caused by a high level of functional redundancy, urges 
the use of other model species to obtain a better insight in the biological relevance of type I 
genes. Comparative research may help to determine the conservation of genes and gene 
functions during evolution. In contrast to the type I genes, MIKC-type genes have already 
been subjected to comparative studies using various model species, such as Arabidopsis 
thaliana, Anthirrhinum majus, Petunia hybrida, Gerbera hybrida and Zea mays. The same 
species can now be used for comparative research on type I genes. It can be expected that type 
I genes play roles in floral organs or developing seeds, because many Arabidopsis type I 
genes are known to be expressed in these structures (Pařenicová et al., 2003). Because we can 
benefit from the extensive knowledge available about flower and seed development in petunia 
and MIKC-type MADS box genes are well-studied in this species, we chose petunia as a 
model for our study on type I genes.  
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In this study, we aim to contribute to a better understanding of MADS box type I 
phylogeny and function using Petunia hybrida as a model species. Different approaches were 
followed to isolate petunia type I MADS box genes and a number of novel genes were 
identified and further characterized. Expression patterns were determined and gene functions 
were investigated by overexpression or RNAi silencing of the genes in transgenic lines. 
Furthermore, the predicted protein sequences were analyzed and protein localization studies 
were performed. The isolated type I sequences from Petunia hybrida and the presence of 
novel type I sequences from various other species in the databases allowed a broader 
comparison of type I MADS box genes. To determine the evolutionary relationships of the 
type I genes, this chapter is concluded with two phylogenetic trees that show the abundance 
and conservation of the Mα- and Mγ-type I MADS box genes in several species.  
 
RESULTS 
 
Isolation of petunia type I MADS box genes 
Different methods were applied to isolate type I MADS box genes from Petunia hybrida. 
First, two databases containing in total ~8,000 ESTs from various tissues, were examined for 
the presence of type I sequences http://www.sgn.cornell.edu/content/sgn_data.pl#petunia 
hybrida). Two full-length type I cDNAs were identified, which have a distinct MADS box, 
but lack a K-domain. Based on their homology with Arabidopsis type I genes, one cDNA 
could be classified as Mα-type and the other as Mγ-type. The Mγ-type cDNA originated from 
a developing-seed library and was named PhMADSγ3. Although the gene shares the highest 
homology with Arabidopsis Mγ-type genes, the predicted protein does not contain a Mγ-
motif. A closer look at the sequence revealed that the protein has a deletion of 80 residues just 
C-terminal from the MADS box (see Figure 1). The Mα-type cDNA, named PhMADSα1, 
originated from an embryo-sac library. The predicted protein has a distinct Mα-motif and 
shows the highest homology with the Arabidopsis gene AGL61 (see table 1).  
 In addition to the EST collections, a smaller collection, containing genomic fragments 
of MADS box genes from petunia line W138, was also used for the identification of type I 
genes (Vandenbussche et al., 2003). This collection harbored two similar Mγ-type sequences 
homologous to PhMADSγ3.  
To isolate more type I genes from petunia, PCRs were performed with degenerated 
primers based on the Arabidopsis Mα- and Mγ-motifs or on conserved parts of the MADS 
box. These reactions, either performed with genomic DNA or cDNA as template, did not 
result in the identification of type I genes, probably due to the poor sequence conservation 
between Arabidopsis and petunia type I MADS box genes at the nucleotide level. In a second 
attempt, primers were based on the previously isolated petunia type I genes (PhMADSα and 
PhMADSγ3). This approach resulted in the amplification of PhMADSα2, PhMADSγ4 and 
PhMADSγ6. The initial petunia type I clones PhMADSα1 and PhMADSγ3 were also used as 
probe fragments to screen a pistil cDNA library. A low stringency screening with PhMADSγ3 
as probe resulted in the isolation of the full-length cDNA clone PhMADSγ1. An overview of 
the isolated genes from petunia is presented in table 1. 
_______________Isolation and characterization of type I MADS box genes from Petunia hybrida 
25 
A third approach was based on the presumed similarity of petunia type I MADS box 
genes with type I genes from closely related species. In order to obtain type I sequences from 
other Solanaceae species, the TIGR and SGN databases were searched. This resulted in the 
identification of a few type I ESTs from Solanum tuberosum and Solanum lycopersicum that 
were used to define primers for a genome walk on petunia DNA. The Mγ-type EST from S. 
tuberosum (StMADSγ1) appeared to be a close homolog of AGL80 from Arabidopsis 
(Portereiko et al., 2006), which enabled the design of a primer on a region conserved between 
StMADSγ1 and AGL80. With this primer, a new petunia Mγ-type gene, named PhMADSγ5, 
was amplified in a genome walk. Figure 1 illustrates the homology between StMADSγ1 and 
PhMADSγ5. 
Gene # aa 
Closest Arabidopsis homolog 
(% identity/similarity on aa level) 
Origin 
PhMADSα1 
214 
No intron 
AGL61 
(45%/64%) 
EST in embryo sac 
library 
PhMADSα2 
217 
No intron 
AGL61 
(50%/72%) 
(RT)PCR 
PhMADSγ1 
197 
No intron 
AGL35 
(27%/54%) 
cDNA library screening 
PhMADSγ3 
108 
No intron 
No homolog, because of absence  
γ-motif 
EST in seed 
development library 
PhMADSγ4 
Not complete 
No intron 
AGL36 
(27%/48%) 
PCR 
PhMADSγ5 
183 
No intron 
AGL80 
(61%/78%) 
Genome walk 
PhMADSγ6 
186 
No intron 
AGL96 
(31%/53%) 
PCR 
Table 1. List of Type I MADS box genes identified in the Petunia hybrida genome and comparison with the 
closest relative from Arabidopsis. 
Figure 1. Clustalw alignment of the amino acid sequences of PhMADSγ5 and StMADSγ1 
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Figure 2. Alignment of the identified petunia type I sequences and comparison with the Arabidopsis type I 
sequences. For the analysis, the nucleotide sequences were translated to proteins.  
A. ClustalW alignment of the identified petunia type I MADS box proteins. Threshold for shading is 50%. 
B. Neighbor joining tree of the petunia and Arabidopsis Mγ-type proteins. 
C. Neighbor joining tree of the petunia and Arabidopsis Mα-type proteins. 
B AGL84
AGL93
AGL83
AGL56
AGL55
AGL99
AGL74
AGL39
AGL102
AGL59
AGL29
AGL91
AGL58
AGL57
AGL23
AGL28
AGL62
AGL40
phMADSa1
phMADSa2
AGL61
AGL60
AGL100
AGL36
AGL90
AGL34
AGL38
AGL37
AGL86
AGL92
AGL46
AGL45
AGL80
phMADSy5
AGL35
phMADSy4
phMADSy3
phMADSy6
phMADSy1
AGL41
AGL48
AGL96
AGL87
C 
A 
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The type I sequences identified in this study were either ESTs or genomic DNA 
fragments. The complete coding sequence of the gene was subsequently amplified from 
genomic DNA using PCR or genome walk. This revealed that all petunia type I genes are 
intronless, like the majority of the Arabidopsis type I genes. A search for the closest homolog 
in Arabidopsis showed that the similarity between the type I genes from both species was 
variable and therefore, a cognate homolog could not always be assigned. A putative 
Arabidopsis ortholog could only be designated for PhMADSγ5. The other petunia genes 
showed less similarity with the Arabidopsis genes, although the petunia pair 
PhMADSα1/PhMADSα2 showed a considerable sequence similarity with the Arabidopsis 
gene AGL61 (Table 1).  
The homology between the petunia type I MADS box genes is shown in the alignment 
in Figure 2A. A high degree of similarity is visible in the MADS box region, but remarkably, 
only 3 residues are fixed in all petunia type I genes. This illustrates the low level of sequence 
conservation that is found among type I MADS box genes. However, the conservation of 
residues within the Mα- or Mγ-subgroup is considerably higher.   
The relationships between the petunia and Arabidopsis type I MADS box genes are 
visualized in the neighbor joining trees in Figures 2B and 2C. The Mγ-type tree shows that the 
sequence homology of the petunia genes within the PhMADSγ3 clade is very high, due to the 
fact that most of the genes were isolated with primers based on PhMADSγ3. As a 
consequence, the petunia Mγ-type genes are more homologous to each other than to any of the 
Arabidopsis genes. A distinct Arabidopsis ortholog of these genes cannot be indicated, but the 
PhMADSγ3 clade appears to be sister to the Arabidopsis AGL48/AGL41/AGL96 clade. The 
tree confirms that PhMADSγ5 is most likely the petunia ortholog of AGL80. Since 
PhMADSα2 was isolated with primers designed for PhMADSα1, the high homology between 
the two genes, visible in Figures 2A and 2B, is not surprising. However, in contrast to the 
PhMADSγ3-like genes, PhMADSα1 and PhMADSα2 have a close homolog in the Arabidopsis 
genome, namely AGL61. The clade with PhMADSα1, PhMADSα2 and AGL61 is sister to the 
clade that contains the Arabidopsis genes AGL62, AGL40, AGL28 and AGL23. 
 
Conservation of the Type I motifs in petunia members 
Except for the MADS box domain, the type I MADS box proteins have no conserved domains 
in common. However, several motifs can be recognized in the different subclasses of the type 
I genes in Arabidopsis. Both Pařenicová et al. (2003) and De Bodt et al. (2003b) published 
analyses of the different motifs that are present in the Mα and Mγ subclades (reported as M 
and N respectively, by De Bodt et al.). The description of the various motifs by De Bodt et al. 
is detailed, and includes the definition of consensus sequences for each motif. One motif was 
reported to be present in all Mα-type genes, whereas two motifs are common to the Mγ clade. 
The classification of the type I genes into Mα or Mγ, is, besides the homology in the MADS 
box region, based on the sequences of these clade-specific motifs. To investigate the 
conservation of the motifs and determine if the classification of type I genes into subclasses 
can be extended to other plant species, the presence of the different motifs in the petunia type 
I proteins was investigated (Figure 3).  
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The Mα-type motif is very well recognizable and clearly defines PhMADSα1 and 
PhMADSα2 as Mα-type proteins, although the number of petunia genes included is low. In 
contrast, the Mγ-type motifs appear to be less conserved in petunia. The first motif can be 
reduced to the first five residues; the second motif is recognizable over its whole length, but is 
less robust than the Mα-type motif. To obtain a better view on the importance of these motifs 
for the Mα or Mγ identity, proteins from other species need to be taken into account as well. 
 
Petunia type I MADS box genes are predominantly expressed in the female floral organs 
The expression of the petunia type I genes was investigated by northern blot hybridization and 
RT-PCR. The only type I MADS box gene in petunia of which the transcript could be 
detected by northern blot is PhMADSγ1. Considerable signal was detected for ovary and 
stigma tissue (data not shown). RT-PCR analysis revealed that PhMADSγ1 is also expressed 
in seeds 7 days after pollination (Figure 4). The transcript of the other petunia type I genes 
could only be detected by RT-PCR. Even a standard RT-PCR (35 cycles) was not sensitive 
enough to obtain an expression profile for all the genes. Expression of PhMADSα1, 
PhMADSα2, PhMADSγ3 and PhMADSγ6 was better detected when a different polymerase 
was used (SYBRGreen mixture) in combination with a PCR program of 40 cycles (Figure 4).  
The petunia MADS box type I genes are predominantly expressed in the floral organs 
and developing seeds, although PhMADSα1 and PhMADSγ3 appear to be almost 
constitutively expressed at a very low level.  
To investigate the spatial and temporal expression of PhMADSγ1, a 2.0 kb upstream 
sequence of PhMADSγ1, supposing to represent the entire promoter, was isolated and fused to 
the β-glucuronidase (GUS) reporter gene. This reporter construct was transformed to petunia 
(see also Chapter 3). Both the Promoter::GUS transformed lines and the in situ hybridization 
(Figure 5) demonstrated that the PhMADSγ1 expression in the ovary is localized in the 
nectaries. In addition, GUS-expression was visible in the seed coat of developing seeds and in 
stigmas (see Chapter 3). 
Figure 3. Comparison of the Mα and Mγ consensus motifs (de Bodt et al., 2003) with the sequences of the 
Petunia Mα and Mγ genes. 
Mα-type motif I 
 
PhMADSα1  YSFGHPNVESI 
PhMADSα2  YSFGHPNVESI 
MOTIF  YSFGHPSVDAV 
   ******.*::: 
 
Mγ-type motif I  Mγ-type motif II 
 
PhMADSγ1 PIVWPSQAVAEEIARTFRNTD VQKIKKLVKHENYLLEKLQDRAENFRKKT 
PhMADSγ4 PITWPSETQARQGLTRYLGRS FQRSKKLVLHENYLREKLEARVKEIRKME 
PhMADSγ6 PIMWPSETKVRQILTSYLGRS MEQSKKMVNQESFIRQRIAKASEQLKKQS 
PhMADSγ5 PEVWPNTMGAQRVLAEFKKMP YQRTKKLVLHEDYLREKLECKAEEIRKME 
MOTIF PEVWPSVEEAXRVLSRFKALP TDRTKKMMDQETFLRERITKAKEQLKKLR 
  * .**.   . .    :   :: **:: :* :: :::    ::::*   
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Some of the petunia type I genes share a high sequence similarity and may therefore be 
functionally redundant. This is the case for PhMADSα1/PhMADSα2 and PhMADSγ3/ 
PhMADSγ4/PhMADSγ6. A comparison of the expression patterns revealed that PhMADSα1 
and PhMADSα2 are both expressed in ovules and developing seeds; the expression patterns of 
PhMADSγ3 and PhMADSγ4 overlap in floral buds and young ovaries, and the transcripts of 
PhMADSγ3 and PhMADSγ6 are co-localized in sepals and seeds. In these tissues, the highly 
related genes may function in a redundant manner. For further analysis of gene function, we 
therefore chose an RNAi approach. RNAi can be less specific than transposon mutants and is 
more likely to affect homologous genes as well.  
 
Analysis of MADS box type I RNAi silencing in petunia 
To analyze the function of the petunia type I members, RNAi constructs were made that 
contained the entire coding sequence of either PhMADSγ1, PhMADSγ3, PhMADSγ6 or 
PhMADSα1 under control of the CaMV 35S promoter. These constructs were transformed to 
Petunia hybrida line W115 and the phenotypes of the different lines were analyzed. 
To determine the level of silencing, either a northern blot or a q-RT-PCR experiment 
was performed. Unfortunately, the level of endogenous transcript from PhMADSγ3, 
PhMADSγ6 and PhMADSα1 was too low to obtain reliable q-RT-QPCR data about the 
transcript reduction. Therefore, the effect of the RNAi constructs in the phmadsγ3, phmadsγ6 
and phmadsα1 transgenic lines could not be reliably determined. From each of the three 
transformations, 10 to 15 plants were grown that contained the RNAi construct (confirmed by 
PCR, data not shown). The phenotypes of those plants were examined, but no aberrant 
phenotypes were observed. The level of silencing in the phmadsγ1 transformants was tested 
Figure 4. Expression analysis of the Petunia type I MADS box genes with conventional RT-PCR (PhMADSγ1, PhMADSγ5 
and PhMADSγ4; 35 cycles) or a more sensitive RT-PCR (PhMADSα1, PhMADSα2, PhMADSγ3, PhMADSγ6; SYBRGreen 
mix, 40 cycles). Abbreviations: fl = floral, y = young, o = old. 
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Figure 6. Upper panel: northern blot with a PhMADSγ1 probe of ovary tissue from lines transformed 
with a PhMADSγ1 RNAi construct.  
Lower panel: A: wild type seedling. B: 1.1 seedling. C: 1.32 seedling. 
Figure 5. Analysis of phMADSγ1 expression in the ovary; n = nectaries
A. GUS stained ovary from a Pγ1::GUS transformed plant 
B. In situ hybridization of a wild type Petunia ovary with a PhMADSγ1 anti-sense probe.  
C. In situ hybridization of a phmadsγ1 RNAi silenced ovary with a PhMADSγ1 anti-sense probe 
Figure 7. Localization of PhMADSγ1 and PhMADSγ3 in Arabidopsis leaf protoplasts, imaged 
by CLSM. Chlorophyll autofluorescence is shown in red.  
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by northern blot (Figure 6), which was feasible because the endogenous transcript is relatively 
abundant in ovaries. From the 12 transformed lines, 3 plants showed no detectable transcript 
anymore (1.1, 1.22, 1.32), whereas several other lines showed a decrease in endogenous 
expression levels (1.24, 1.26, 1.34). At first sight, all plants resembled wild type, but in the 
second generation, the progeny of lines 1.1 and 1.32 exhibited a reduced level of chlorophyll 
in the cotyledons (Figure 6). However, whereas we expected 75% of the offspring to exhibit 
the phenotype, or 25% in the case that the phenotype is only apparent in homozygous plants, 
30 – 40% of the seedlings were abnormal. 
To investigate the inheritance of the phenotype further, we performed reciprocal 
crosses between line 1.1 and wild type plants. The offspring of these crosses showed 100% 
white cotyledons if the female parent exhibited the phenotype, however, no aberrant seedlings 
were observed when the male parent showed the phenotype. Apparently, the phenotype was 
maternally inherited, which could be explained by the transfer of the RNAi construct via the 
mitochondrial or chloroplast DNA. To test this hypothesis, chloroplast DNA was isolated and 
a Southern blot was performed, but the kanamycin resistance gene was not detected in the 
chloroplast genomes of the two plants (data not shown). Moreover, a linkage analysis showed 
that the transgene segregated independently from the phenotype (data not shown). 
Approximately 75 % of the offspring of lines 1.1 and 1.32 contained the construct and this 
concerned both normal seedlings and abnormal seedlings. Therefore, we concluded that the 
phenotype in the cotyledons had no relation with the presence of the RNAi construct, but must 
somehow be an artifact of the tissue culture process used for the transformation. 
In parallel with the RNAi constructs, overexpression constructs of PhMADSγ1, 
PhMADSγ3, PhMADSγ6 and PhMADSα1 driven by the CaMV 35S promoter were 
transformed to petunia. Despite an enhanced expression of the genes in several lines, detected 
by q-RT-PCR analysis, no aberrant phenotypes were observed. A possible explanation for the 
absence of phenotypes in the overexpression lines is that MADS box factors often function as 
heterodimers, and therefore, a mutant phenotype may not be observed, unless the interaction 
partner is overexpressed as well.  
 
PhMADSγ1 and PhMADSγ3 are transported to the nucleus 
MADS box proteins function as transcription factors and are therefore likely to be transported 
to the nucleus. Most MIKC-type proteins contain a clear nuclear localization signal and are 
indeed transported to the nucleus, but some MIKC-type proteins need to form a homo- or a 
heterodimer before they can efficiently transfer to the nucleus (Immink et al., 2002). The 
functions of type I MADS box proteins are still unknown, but because they belong to a family 
of transcription factors, they are expected to be localized in the nucleus as well. However, 
sequence analysis revealed that the nuclear localization signal in the sequence of type I 
MADS box proteins is less clear and sometimes seems to be absent, especially in Mβ- and 
Mγ-type proteins. The protein localization in cells can be predicted with PSORT 
(http://psort.nibb.ac.jp/form.html) on the basis of the protein sequence. Analysis of the 
Arabidopsis and petunia MADS box genes in the program showed variable results. The 
MIKC-type proteins were all predicted to be localized in the nucleus, as well as the majority 
of the Arabidopsis Mα-type proteins. However, Arabidopsis Mγ-proteins were mainly 
A C 
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predicted to be localized in the mitochondrion. The predictions for the petunia type I proteins 
were as follows: PhMADSα1 showed a probability of 26% to be localized in the 
mitochondrion and 21% to be localized in the nucleus; PhMADSγ3 was predicted to be 
transported to the chloroplast (50%) and PhMADSγ1 was predicted to be localized in the 
cytoplasm (71%).  
To investigate the protein localization of a few petunia and Arabidopsis type I genes, 
we fused the proteins to YFP and transferred the construct to Arabidopsis protoplasts. The 
results were monitored with fluorescence microscopy (see Figure 7). In conformity with a role 
as transcription factors, all type I proteins tested were transported to the nucleus (also AGL81 
and AGL103; data not shown). However, a considerable amount of protein is still present in 
the cytoplasm. This is possibly due to the low efficiency with which the proteins are 
transported to the nucleus as a monomer or homodimer. In vivo, the proteins may need to 
form a heterodimer to be efficiently transferred to the nucleus. De Folter et al. (2005) reported 
from yeast two-hybrid studies that Arabidopsis Mγ-type proteins are often forming a 
heterodimer with Mα-type proteins, whereas the occurrence of heterodimerization of proteins 
within a subclade is rare. Follow-up studies can show if dimerization with an Mα-type protein 
indeed facilitates the entrance of the Mγ-type proteins into the nucleus. 
 
Evolutionary relationships of Mα- and Mγ-type genes 
To further investigate the evolution of type I genes, a phylogenetic tree was generated for the 
Mα-type and Mγ-type MADS box genes separately. Gene sequences were obtained from the 
available (partially) sequenced genomes of Arabidopsis thaliana, Oryza sativa, Medicago 
trunculata and Populus trichocarpa. Also, the TIGR database was searched for other type I 
sequences, mainly ESTs. The nucleotide sequences were translated to proteins and aligned. 
Two neighbor joining (NJ) trees were constructed using the Phylip program 
(http://bioweb.pasteur.fr/seqanal/phylogeny/phylip-uk.html). 
The Mγ-type tree (Figure 8) shows an interesting phenomenon concerning the origin 
of most proteins. Although the bootstrap supports for some clades are not very high, it is clear 
that most clades consist of paralogous proteins rather than of orthologous proteins. The NJ 
tree shows only one clade that contains proteins from many different species. This clade 
contains AGL80 from Arabidopsis and representatives from petunia, poplar, potato, Medicago 
trunculata and soybean. The presence of several orthologous proteins within this clade 
indicates that the ancestral AGL80-like protein was already present early in angiosperm 
evolution and a functional constraint probably prevented the genes from diverging too much.  
Interestingly, the search for Mγ-types of other species yielded also two genes from 
Picea abies in the TIGR database, revealing that Mγ-type genes were already present in 
gymnosperms. Until this study, type I genes had only been reported from angiosperms.  
The Mα-type genes form the largest group of type I genes and the Mα-tree is built up 
from 71 sequences. In contrast to the Mγ-type tree, those sequences are not ordered in many 
clades of paralogs, but grouped together with orthologs in the majority of the clades. 
However, several groups of paralogous proteins can also be recognized in the Mα-type tree, 
and many presumably redundant proteins from poplar, Arabidopsis and rice can be 
designated.
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Figure 8. Neighbor joining tree of the γ-type proteins. The Arabidopsis proteins are depicted in grey boxes. 
Pt = Populus trichocarpa, Mt = Medicago trunculata, Gm = Glycine max, St = Solanum tuberosum, Ph = 
Petunia hybrida, At = Arabidopsis thaliana, Os = Oryza sativa, Ac = Allium cepa, Ps = Pinus sylvestris 
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Figure 9. Neighbor joining tree of the α-type proteins. The Arabidopsis proteins are depicted in grey boxes. 
Pt = Populus trichocarpa, Mt = Medicago trunculata, Gm = Glycine max, St = Solanum tuberosum, Sl = 
Solanum lycopersicum, Ph = Petunia hybrida, At = Arabidopsis thaliana, Os = Oryza sativa, Ac = Allium cepa, 
Ta = Tritium aestiva, Bn = Brassica napus, Gr = Gossypium raimondi, Ga = Gossypium arboretum, Bo = 
Brassica oleracea, Lc = Lotus corniculatus, Lp = Lolium perenne 
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DISCUSSION 
 
Seven novel type I MADS box sequences were isolated from Petunia hybrida 
In this study, five Mγ-type and two Mα-type genes were isolated from Petunia hybrida, 
whereas the Arabidopsis genome contains as much as 61 type I MADS box genes (25 Mα-
types, 20 Mβ-types and 16 Mγ-types; the Arabidopsis Genome Initiative, 2000). Because the 
petunia genome is much larger than the Arabidopsis genome (~1.2 Gb vs ~150 Mb), even 
more than 61 type I genes may be expected in the petunia genome, suggesting that the 
identified genes in this study represent only a small fraction of the total number of type I 
genes in petunia. Two possible reasons can be considered to explain the low number of 
petunia type I genes that were found in this study.  
First, many genes have presumably been missed in this research, due to the applied 
methods and the difficulty to isolate type I MADS box genes. The isolation of new genes 
based on Arabidopsis type I sequences had little success, probably because the homology 
between Arabidopsis and petunia type I genes was not sufficient. Furthermore, transcript-
based methods yielded little results, which can be explained by the low abundance of type I 
RNAs in the transcriptome of petunia. The best results were obtained when genome-based 
methods, like genome walking, were performed in combination with primers that were 
defined on sequences from petunia or species closely related to petunia. However, the 
isolation of type I genes from petunia was laborious and many more genes may still have to be 
identified.  
Another possibility is that the petunia genome does not contain that many type I 
MADS box genes, although it is larger than that of Arabidopsis. If genomes from other plant 
species are taken into account, it appears that the number of type I MADS box genes differs 
considerably between the different species. The rice genome contains 15 Mα-type genes and 
eight Mγ-type genes (Nam et al., 2004), whereas the genome of poplar contains 23 Mα-type 
genes, but only six Mγ-type genes (Leseberg et al., 2006). Since duplications of type I MADS 
box genes appear to have occurred repeatedly and independently in different plant lineages, it 
is difficult to predict what the number of type I genes in the petunia genome will be. 
This study did not result in the isolation of an Mβ-type gene from petunia. Therefore, 
the Mβ-type genes have not been taken into account in the construction of the phylogenetic 
trees. The fact that no Mβ-type gene was isolated may be a consequence of the isolation 
strategy using only Mα and Mγ sequences, but it is also a possible that this group of genes is 
not as widespread amongst angiosperms as the Mα- and Mγ-type genes. The Arabidopsis Mβ-
genes form an exceptional group of MADS box genes, since they lack the N-terminal part of 
the MADS box. The remaining part of the MADS box is most similar to the MADS box of the 
Mγ-type genes and the Mβ-clade forms a sister clade to the Mγ genes in the phylogenetic 
analysis by Pařenicová et al. (2003). Analysis of other genomes revealed that Mβ-like genes 
are present in the poplar genome (Leseberg et al., 2006), but are absent in the completely 
sequenced rice genome. Pařenicová et al. (2003) hypothesized that the Mβ genes may be 
specific for the dicot lineage or may have been lost from the rice genome. Sequence analysis 
of more angiosperm genomes will elucidate the status of the Mβ-type genes. 
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The petunia Mα- and Mγ-type genes have distinct type I characteristics 
Analysis of the petunia type I genes revealed that they share several characteristics with the 
Arabidopsis type I genes. From Arabidopsis and rice, it was already known that the majority 
of the type I genes has only one exon and is poorly expressed. The analysis of the petunia 
genes confirms this picture. All seven isolated genes are intronless, and, except for 
PhMADSγ3, the predicted proteins contain approximately 200 amino acids, which is 
comparable to the length of most Arabidopsis and rice type I proteins. Although the overall 
sequence similarity between the initially identified petunia type I proteins and the Arabidopsis 
proteins is low, certain defined motifs (De Bodt et al., 2003b) were also recognizable in the 
petunia proteins. This indicates that, although the sequence conservation among type I genes 
is considerably lower than that among MIKC-type genes, some positions C-terminal from the 
MADS box appear to be important for the Mα- or Mγ- identity and are therefore generally 
conserved. 
Besides the sequence similarities, the expression levels of petunia type I genes are also 
comparable with those of Arabidopsis type I genes. Except for PhMADSγ1, the expression of 
the petunia genes is weak and can only be detected with RT-PCR. Although PhMADSγ3 and 
PhMADSα1 appear to be more or less constitutively expressed at a low level, the other genes 
are predominantly expressed in the floral organs or the developing seed. Pařenicová et al. 
(2003) reported a similar distribution of Mα and Mγ transcripts in the inflorescences and 
siliques of Arabidopsis.  
 
The functional analysis of petunia type I genes did not yield mutant phenotypes 
The expression profiles of the petunia type I genes suggest a role for the genes in flower or 
seed development. Because phMADSγ1 is highly expressed in the nectaries, we expected a 
defect in the formation of the nectaries or in nectary production in lines with reduced levels of 
phMADSγ1 expression. The weak expression of the other genes made it difficult to obtain 
spatial and temporal expression information and hence we were not able to select RNAi 
suppression lines. We generated transgenic petunia lines to analyze the function of 
PhMADSγ1, PhMADSγ3, PhMADSγ6 and PhMADSα1, but did not find any aberrant 
phenotype that was linked to the presence of the transgene.  
In this study, an RNAi approach was chosen in order to knock down both the target 
gene and highly homologous family members. The specificity of the constructs could not be 
tested, because only a few type I MADS box sequences from petunia are known. However, 
because an RNAi approach was used, the lack of mutant phenotypes can probably not be 
explained by the redundancy amongst the type I genes only. The absence of mutant 
phenotypes may partially be explained by the use of the 35S promoter in the constructs. 
Although the 35S promoter is more or less constitutively expressed, it is known to be hardly 
active in ovules and during early stages of embryogenesis (Sunilkumar et al., 2002).  
Therefore, RNAi mediated degradation of the PhMADSγ1, PhMADSγ3 and PhMADSγ6 
transcripts in seeds 7 DAP may not have taken place in the transgenic plants. Similarly, it is 
possible that the PhMADSα1 and PhMADSα2 transcripts in the ovule were not effectively 
broken down. Thus, an RNAi construct under control of a specific promoter would have been 
a better choice. 
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Although technical aspects may in part account for the absence of mutant phenotypes 
in petunia, it is also possible that the type I proteins only function under certain environmental 
conditions or have very subtle functions. In addition, it cannot be ruled out that some type I 
genes have developed into pseudogenes and lost their function.  
 
Phylogenetic analysis increases the insight in the conservation of Mα- and Mγ-type genes  
Many Arabidopsis T-DNA insertion lines from type I MADS box genes have been 
investigated since the discovery of the type I subfamily, but this resulted only in the 
characterization of a few mutant phenotypes (Pařenicová et al., 2003; Portereiko et al., 2006). 
Similarly, we did not find aberrant phenotypes in the petunia transformants generated in this 
study. The presence of several highly homologous type I genes in both petunia and 
Arabidopsis suggests that many type I genes have been duplicated recently in evolution. 
These genes function probably redundantly, since they had little time to diverge. Moreover, 
superfluous copies of genes may not yet been recognizable as pseudogenes. 
To contribute to the understanding of the evolution of type I MADS box genes in 
plants, we generated two phylogenetic trees. Both the Mγ- and the Mα-type tree (Figures 8 
and 9) reveal that the majority of the type I MADS box proteins tend to group together with 
proteins from the same species. This suggests that duplications must have taken place in 
recent ancestors of the different species, giving rise to a high number of paralogous genes. 
These data are in agreement with findings of de Bodt et al. (2003b) and Nam et al. (2004), that 
the expansion of the Mα- and Mγ-type genes presumably occurred after the divergence of 
monocots and dicots. As a result, type I genes had relatively little time to diverge or 
neofunctionalize and may thus function in a redundant fashion. The functional constraint on 
these genes may be poor, but because mutations had little time to accumulate, the genes may 
not yet have developed into pseudogenes.  
The phylogenetic trees in this study provide information on the conservation of the 
genes and allow a prediction whether a mutation in a single gene will give rise to a mutant 
phenotype. An indication that this approach may be successful is the report of the first 
Arabidopsis single insertion mutant, agl80 (Portereiko et al., 2006). In the Mγ-type tree, 
AGL80 is the only Arabidopsis protein that is grouped with several homologous proteins from 
other species, and thus appears to be conserved. All other clades in the Mγ-type tree contain 
predominantly paralogs. This means for example that AGL86 is possibly redundant with 
AGL90, AGL92, AGL36, AGL34, AGL85, AGL37, AGL38, AGL35, AGL45 and AGL46. A 
phenotype may only be visible if a decuple mutant is analyzed.  
 The distribution of the Arabidopsis Mα-type proteins in the phylogenetic tree is more 
complex. One clade consisting of eight paralogous Mα-type proteins can be recognized, but 
several Mα-type proteins are also present in clades with representatives from other species. 
This suggests that more Mα-type genes than Mγ-type genes are conserved in angiosperm 
evolution. The Arabidopsis Mα-type genes AGL29/AGL91, AGL58/AGL57, AGL59/AGL102, 
AGL61, AGL60/AGL100 and AGL23/AGL28/AGL40/AGL62 have close homologs in other 
species. However, except for AGL61, the genes also share high sequence similarity with other 
Arabidopsis genes. Therefore, multiple mutants may have to be generated to study the 
function of the genes. 
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MATERIALS AND METHODS 
 
Plant material 
Petunia variety W115 and the transformed petunia plants were grown under normal 
greenhouse conditions 
 
Cloning and sequencing of the type I fragments 
RNA isolation and cDNA synthesis 
For northern blot analysis, RNA was isolated using the method of Goldberg et al. (1981). 
Plant tissue was frozen in liquid nitrogen and homogenized in 4 ml RNA extraction buffer 
(100mM Tris-HCL pH 8.0, 50 mM EDTA, 1% SDS, 0.1 mM NaCL, 50 mM β-
mercaptoethanol and 1% Tri-isopropylnapthalene sodium salt and) an equal volume of 
phenol, and incubated at 65 0C for 15 min. After cooling on ice, 2 ml chloroform/iso-
amylalcohol was added (24:1) and the sample was centrifuged for 15’ at 3500 rpm. The 
aqueous phase was transferred to a fresh tube. Additional phenol/chloroform/isoamylalcohol 
(25:24:1) extractions were performed until no interface remained. The RNA was obtained 
after precipitation with 8 M LiCl. For the isolation of small amounts of RNA, the Qiagen 
RNeasy Plant mini kit was used. 
RNA from developing seeds was extracted with the hot borate procedure as described 
by Wan and Wilkins (1994). 
 First strand cDNA was synthesized from 2 µg RNA in a reaction containing 1 µl 
oligo(dT)25primer, 1 µl dNTPs, 6 µl First strand buffer, 1 µl 0.1 M DTT, 1 µl Superscript II 
reverse transcriptase and 0.2 µl RNase inhibitor. The reaction was incubated at 50 0C for 70 
min., followed by inactivation of the enzyme for 15 min. at 70 0C.  
 
Genomic DNA isolation 
DNA extraction was performed using the method described by Roche et al. (1997).  
 
Amplification and cloning of new type I sequences 
Petunia genomic DNA and cDNA was used as a template in various PCR reactions. Primers 
were designed on conserved regions within Arabidopsis type I genes or based on the petunia 
type I genes PhMADSα1, PhMADSγ3 and the gene fragments pMADS13-like (Michiel 
Vandenbussche). New fragments were isolated with the following primer combinations: 
PhMADSα2, 1195RiF3 5’-TTATCCATGGCAAAGAAACCTAGTATG-3’ / 1195RiR1 5’-
CACACTAGTAATGTTGTTTAATGAATCATC-3’; PhMADSγ4, Mads2for 5’-
CTCCTCCCTAGGAAAGTAGCTAGTATG-3’ / MADS13rev 5’-GCCTGATAACAA 
GAGCTTATAAATGATAC; PhMADSγ6, MADS13for 5’-CTAGCAATACTGTAAGTG 
AGAGAAATGC-3’/ MADS13rev. 
Products were cloned into the pGEM-T easy vector (Promega) and sequenced with the 
flanking M13for/M13rev primers (Quick Start Kit; Beckman Coulter).  
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cDNA library screening 
A cDNA library constructed with RNA from petunia pistils inserted in the lambdaZAPII 
vector (Stratagene) was used to screen for new MADS box type I cDNAs. Approximately 
100,000 plaques were screened with probes from either PhMADSγ3 (290 bp, including MADS 
region) or PhMADSα1 (819 bp, complete cds). The following primers were used to amplify 
the probe fragments:  
(Mads3for: 5’-GGCTAACAAGAGTGAAAGTGAGAGAAAA-3’ / Mads3rev: 5’-CTTC-
TCTTCTCCAGCATTGTTGTTATCA-3’ and 1195RiF1: 5’-CACCTGCTTACTTTTTAA-
GAAGATCAATTGC-3’ / 1195RiR1: 5’-CACACTAGTAATGTTGTTTAATGAAGCATC-
3’). Hybridization and washing of the membranes (Hybond N+) was performed under low 
stringency conditions (55 0C, wash until 1x SSC). Positive plaques were selected and 
subjected to a second screening. After confirmation, the pBluescript SK- phagemids were 
excised in vivo according to the Stratagene protocol and sequenced. 
 
Expression analysis 
RT-PCR 
RNA from different petunia tissues was extracted and first strand cDNA was synthesized (see 
above). The PCR was performed with gene specific primers using RedHot Taq polymerase. 
The following program was used:  3’ 95 0C, 35 cycles (30” 95 0C, 30” 58 0C, 1’ 720C), 5’ 72 
0C. Expression profiles of weakly expressed genes were obtained using the same cDNA 
samples amplified for 40 cycles with iQ™ SYBR® Green Supermix (Bio-Rad). The 
following primers were used for the expression analysis: 
PhMADSα1/2: Rtα1for  5-AGACTTCATATTGTTGAGGCTCATAGAC-3’  
  1195RiR1  5’-CACACTAGTAATGTTGTTTAATGAAGCATC-3’ 
PhMADSγ1:  PhMADSγ1for  5’-CACCATGGATATTGTAAGTGAGAGAGCCC-3’ 
  PhMADSγ1rev  5’-AGAAAACAACGACAGAACAACAAAACTAT-3’ 
PhMADSγ3:  PetMADS3for  5’-GGCTAACAAGAGTGAAAGTGAGAGAAAA-3’ 
  γ3locrev   5’-ATCGGAATCTTTGGGGTGTTCATCATC-3’ 
PhMADSγ4: RTγ4for  5’-GCAGGGATTGACGAGGTATTTAGG-3’ 
  RTγ4rev  5’-CTCTTCTCCAGCATTGTTGTTATGATG-3’ 
PhMADSγ5:  PhMADSγ5for 5’-CACCTTGTGGGATTGATGCTTGTGCTATT-3’ 
 PhMADSγ5rev 5’-CTGATGCATTCCCTCCAATCCCAATTCCA-3’ 
PhMADSγ6: RTγ6for  5’-CAGTTCTATGTGATGTTGCCGTAGG-3’ 
  RTγ6rev  5’-CCTTGAGTTGTTGCTTTCTTTCTTCC-3’ 
 
Northern blot analysis  
10 µg of total RNA from different petunia tissues was separated on a formaldehyde agarose 
gel and blotted on Hybond-N membrane. Probe fragments for PhMADSα1, PhMADSγ1 and 
PhMADSγ3 were amplified with the above mentioned primers. Northern hybridization was 
performed under high stringency conditions (65 0C, wash until 0.2 x SSC). 
 
In situ hybridization 
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PhMADSγ1 fragment was generated by PCR using primers PhMADSγ1for/PhMADSγ1rev. 
The fragment was cloned into pGEM-T, the vector was linearized to produce run-off 
transcript and transcription was initiated from the SP6 site to produce anti-sense RNA. After 
transcription, the labeled RNA was hydrolyzed for 30’ by adding 20 µl 0.2M NaHCO3 and 30 
µl Na2CO3 to 50 µl sample. Sectioning and hybridization was performed as described by 
Cañas et al. (1994). 
 
GUS assay 
Tissues were submerged in GUS staining buffer (100ml: 4 ml 10% Triton, 50 ml 100mM 
phosphate buffer pH 7.2, 2 ml ferricyanide, 2 ml ferrocyanide, 1 ml 100 mM X-Gluc, 41 ml 
H2O), shortly pulled vacuum in the desiccator and incubated o/n at 37 0C. The tissue was 
destained with 70% EtOH. 
 
Protein localization 
Expression vectors were constructed by cloning the coding sequence of PhMADSγ1, 
PhMADSγ3, AGL81 or AGL103 in frame with EYFP in the pGD120 vector using the Gateway 
system (Nougalli Tonaco et al., 2006). For Arabidopsis thaliana protoplast isolation, leaves 
from 4-5 weeks old plants were harvested in a dish, cut in small parts and incubated in 
Enzyme Solution (1% cellulose, 0.2% pectinase in 0.4M mannitol, 20mM KCl, 20 mM MES 
pH 5.7) for 3’ under vacuum, 30’ with the vacuum pump turned off and another 2 hrs at RT 
on a shaker in the light. The protoplasts were released by swirling the dish for 1’, filtered 
through a nylon mesh (35 – 100 µm) and pelleted at 500 rpm for 3’. The protoplasts were then 
washed in 5ml W5 solution (154 mM NaCl, 125 mM CaCl2, 5mM KCl, 2mM MES pH 5.7). 
For PEG transfection, the protoplasts were centrifuged 3’ at 500 rpm and resuspended in 1.2 
ml MMg solution (0.2M mannitol, 15mM MgCl2, 4mM MES pH 5.7). 15 – 30 µg plasmid 
DNA was mixed with 200 µl protoplast suspension in a round-bottomed tube, 220 µl PEG/Ca 
solution (10 ml: 4 g PEG4000, 5 ml H2O, 0.36 g mannitol, 1ml 1M Ca(NO3)2) was added. 
After 5’ incubation, W5 solution was added to stop the reaction; the protoplasts were spinned 
3’ at 500 rpm, washed with W5, and resuspended in 500 µl W5 plus 1mM glucose. CLSM 
imaging was performed as described by Nougalli-Tonaco et al. (2006). 
 
Construction of the binary vectors and plant transformation 
RNAi and overexpression constructs were generated using the GatewayTM system from 
Invitrogen. From the selected genes, one fragment was amplified for both the RNAi and 
overexpression constructs with the following primers: The following primer combinations 
were used to obtain fragments for the generation of the entry clones (pENTR/D-topo): 
PhMADSα1, 1195RiF1 / 1195RiR1; PhMADSγ1, PhMADSγ1for / PhMADSγ1rev; 
PhMADSγ3, PetMADS3for / PetMADS3rev 5’-ACGAAGAACGAACATGAAAACACAT 
CAA-3’; PhMADSγ6, PetMADS1for 5’-CACCCTCCCAAATATGGCTAGCAATACTG-3’ / 
PetMADS1rev 5’-AGACATCACACAACAAAAGAAAGATTATA-3’. The entry clones 
were recombined with the binary RNAi destination vector pK7GWIWG2(I) or overexpression 
vector pK2GW7 (Karimi et al., 2002). Constructs were transformed into Agrobacterium 
tumefaciens strain EHA105 using freeze-thaw transformation (Chen et al., 1994). Transfer of 
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the construct from Agrobacterium to petunia line W115 was performed using leaf disc 
transformation as described by Horsch et al. (1985) with some adaptations. In short: leaf discs 
were cut on a filter paper-lined MS plate (20 g/l sucrose, 10 g/l glucose, 4.4 g/l MS with 
Gamborg B5, 0.5 g/l MES pH 5.7, 4 g/l phytagel,) with hormones (2mg/l BAP, 0.1 mg/l 
NAA) and incubated in diluted Agrobacterium suspension (OD600 0.15) for 15’. The 
suspension was removed with a pipette and the plate was incubated in the dark for 2 days at 
RT. Leaf discs were transferred to MS plates with NAA/BAP, 300 mg/l kanamycin and 500 
mg/l carbenicillin and incubated in the shade at RT until shoots appeared. Shoots were excised 
and transferred to MS medium containing 250 mg/l carbenicillin. When roots had formed, the 
plants were transferred to the greenhouse. 
 
Sequence alignment and construction of phylogenetic trees 
Type I MADS box nucleotide sequences from different species were obtained from literature 
(poplar; Leseberg et al., 2006), TAIR (www.Arabidopsis.org), blast in NCBI 
(www.ncbi.nlm.nih.gov) or TIGR (http://tigrblast.tigr.org/tgi/). The sequences were translated 
to protein and aligned with ClustalW (www.ebi.ac.uk/clustalw/). Alignments were adjusted by 
hand in BioEdit (free available from http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and 
restricted to the MADS box and the Mα- or Mγ-motif only. A neighbor joining tree was 
generated using the Phylip program protdist available on 
http://bioweb.pasteur.fr/seqanal/phylogeny/phylip-uk.html. Default parameters were used and 
100 Bootstrap replicates were generated. The consensus tree was drawn in TreeView (free 
available from taxonomy.zoology.gla.ac.uk/rod/treeview.html).  
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ABSTRACT 
The MADS box transcription factor family extended considerably in plants via gene and 
genome duplications and can be subdivided into type I and MIKC-type genes. The class of 
MIKC-type MADS box genes was mainly duplicated during two whole-genome duplications 
early in angiosperm evolution, whereas the majority of the type I genes originated more 
recently via small-scale duplications. This different mode of origin suggests also a different 
fate for the type I duplicates, which are thought to have a higher chance to become silenced or 
lost from the genome. To study the fate of recently duplicated type I MADS box genes, we 
isolated four paralogs of the Mγ-type MADS box gene PhMADSγ1 from the petunia genome 
and investigated the divergence of their coding regions and regulatory regions. Deleterious 
mutations were found in the coding regions of two duplicates, indicating that they were 
subjected to nonfunctionalization. In addition, expression analysis revealed that all four 
paralogs are considerably lower expressed than PhMADSγ1 and show an altered spatial 
expression as well. Our study shows a rapid divergence of recently duplicated Mγ-type 
MADS box genes, and indicates that redundancy among type I paralogs may be less common 
than expected.   
 
INTRODUCTION 
 
Duplication of genes and entire genomes are important events in the evolution of eukaryotes. 
In particular in plants, many polyploidization events have provided a source of genetic 
material for the development of new traits. Flowering plants were subjected to at least two 
genome duplication rounds early in their evolution (De Bodt et al., 2005). In addition to 
genome duplications, single genes or chromosome segments can be duplicated via unequal 
crossing over or retroposition (see Chapter 1). The fate of all these duplicated genes is related 
to their function, importance and mode of duplication. In general, the majority of the 
redundant genes duplicated during a polyploidization event will be rapidly silenced or lost 
from the duplicated genome. However, it appears that genes functioning as transcription 
factors are relatively often maintained, which can be explained by the gene balance hypothesis 
(Maere et al., 2005). According to this hypothesis, retention of genes that encode proteins 
acting in complexes, like transcription factors will be more frequent after entire genome 
duplication, because the dosage of all proteins in the complex will be increased. In contrast, 
transcription factors that were duplicated during small-scale duplication events are generally 
lost, because the duplication of only one of the interaction partners disturbs the dosage 
balance.  
 The MADS box gene family is an example of a transcription factor family that 
extended considerably during gene and genome duplications in plants. Whereas animal and 
fungal genomes contain only a few MADS box genes, the average angiosperm genome 
harbors over a hundred members of this family (Pařenicová et al.,2003). The MADS box 
family in plants can be subdivided into two groups: the type I or M-type and the Type II or 
MIKC-type (Alvarez-Buylla et al., 2000). The class of MIKC-type MADS box genes was 
mainly duplicated during two whole-genome duplications early in angiosperm evolution and 
has been maintained in the angiosperm genomes since then (De Bodt et al., 2005). The 
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duplicated genes were recruited for novel developmental networks regulating the formation of 
the floral organs. In addition to neofunctionalization, the duplicated genes were also subjected 
to subfunctionalization and many are therefore acting in a (partial) redundant manner. For 
example, the Arabidopsis proteins SEP1, SEP2, SEP3 and SEP4 redundantly carry out the E-
function in the development of the floral organs (Alvarez-Buylla et al., 2000a; Ditta et al., 
2004), although small changes in expression and protein interaction patterns have taken place 
(De Folter et al., 2005). Another example of subfunctionalization comprises the SHP1, SHP2 
and STK genes, which are redundantly involved in the formation of the ovules (D-function) 
(Favaro et al., 2003), whereas SHP1 and SHP2 act in a redundant manner to specify the 
identity of the dehiscence zone (Liljegren et al., 2000). In plant species with larger genomes, 
like Petunia hybrida, redundancy amongst MIKC-type MADS box genes is even more 
common and the E-function in petunia is carried out by at least six different genes (Rijpkema 
et al., 2006). 
 The class of type I MADS box genes in plants differs from the MIKC-type MADS box 
genes by the absence of the conserved K(keratin-like) box. Apart from this, the evolutionary 
history of type I genes is thought to be different from that of MIKC-type genes. Contrary to 
MIKC-type genes, type I genes were predominantly duplicated via small-scale duplications. 
This idea is supported by two observations: 
(1) The presence of clusters of highly related type I genes on the Arabidopsis 
chromosomes, presumably generated by recent segmental duplications (De Bodt et al., 
2003b; Pařenicová et al., 2003; Nam et al., 2004). 
(2) The distribution of the Arabidopsis and rice type I genes in a phylogenetic tree: type I 
genes from both species form separate clades, indicating that the majority of the 
duplications occurred after the divergence of monocots and eudicots (Nam et al., 2004; 
De Bodt et al., 2003; see also Chapter 2). 
Since transcription factors that are duplicated during small-scale events have a higher chance 
to become silenced or lost from the genome (Maere et al., 2005), the fate of the duplicated 
type I genes is presumably different from that of the MIKC-type genes. Nam et al. (2004) 
investigated the birth-and-death evolution of type I and MIKC-type MADS box genes in 
angiosperms. It was estimated that there were probably four to eight type I genes and ~15-20 
MIKC-type genes present in the most recent common ancestor of Arabidopsis and rice, 
whereas the current Arabidopsis genome contains 61 type I and 46 MIKC-type genes. 
Furthermore, the number of type I pseudogenes in the Arabidopsis and rice genomes appeared 
to be much higher than the number of MIKC-type pseudogenes. In addition to the 61 
functional type I genes, the Arabidopsis genome contains 37 type I-like pseudogenes, whereas 
only 4 MIKC-type pseudogenes are recognized (Nam et al., 2004). These results suggest that 
type I genes experienced a faster birth-and-death evolution than MIKC-type genes.  
 The mode of origin of most type I duplicated genes suggests a high probability that 
they will be silenced and become pseudogenes. However, a substantial part may also evolve 
novel functions or subfunctionalize and act in a (partial) redundant manner with the original 
gene. The recent origin of many type I paralogs allows us to study the fate of several 
duplicates in parallel and study the processes of neofunctionalization, subfunctionalization 
and nonfunctionalization. Mutations resulting in one of the three possible fates can either 
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occur in the coding sequence or in the regulatory sequence of a gene. Changes in gene 
expression after duplication were found to occur in the majority of the duplicates shortly after 
duplication (Blanc and Wolfe, 2004), suggesting that mutations in the regulatory region can 
be observed in recent type I paralogs. Moreover, bioinformatics analysis by Casneuf et al. 
(2006) revealed that gene pairs resulting from small-scale duplications have a higher chance 
to develop a diverged expression pattern and often show an asymmetrical divergence, where 
one gene is expressed in a high number of tissues, whereas the expression of the other copy 
becomes more restricted. A fast change in expression patterns of type I duplicates would 
suggest that functional redundancy is less common among type I genes than would be 
expected from the similarity in their coding sequences.  
 To investigate the fate of MADS box type I copies and estimate the probability that 
paralogous genes function redundantly, we studied a group of recently duplicated type I genes 
from the Petunia hybrida genome. The petunia genome is approximately five times larger 
than the Arabidopsis genome and contains, as a consequence, more duplicated genes. We 
identified several close homologs of the petunia type I MADS box gene PhMADSγ1 (see 
Chapter 2) and isolated both the coding sequences and the regulatory sequences. The coding 
sequences of the different duplicates were compared and divergence time was estimated. In 
addition, the promoter sequence of PhMADSγ1 was analyzed and compared with the 
promoters of the closely related paralogs. A detailed study of the expression patterns provided 
actual data on the expression divergence and enabled us to estimate the degree of redundancy.  
 
RESULTS 
 
Several PhMADSγ1-like genes are present in the Petunia hybrida genome 
A B
Figure 1.  PhMADSγ1-like genes in the Petunia hybrida genome 
A. Southern blot of W115 Genomic DNA digested with HindIII and EcoRV and hybridized with a PhMADSγ1 probe. 
B. Neighbour Joining tree of the PhMADSγ1 homologs in the Petunia hybrida genome. PhMADSγ3 and PhMADSγ6 
are used as an outgroup to root the tree. 
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Figure 2. Alignment of the PhMADSγ1-like coding regions from start to stop codon. Threshold for shading 
is 60%. 
The Petunia hybrida gene PhMADSγ1 belongs to the Mγ class of type I MADS box genes and 
is highly expressed in the nectaries at the base of the ovary, in the stigma and in the seed coat 
of developing seeds (Chapter 2; see also Figure 5). The coding sequence of the gene consists 
of 591 basepairs and contains no introns. PhMADSγ1 does not have a close homolog in 
Arabidopsis, but is most related to AGL35, showing 27% identity at the amino acid level. A 
promoter fragment containing 2.0 kb of the upstream region was analyzed by fusing it to the 
GUS reporter gene. GUS expression was visible in the nectaries, stigma and seed coat in 
accordance with PCR-determined expression data (data not shown), demonstrating that the 2.0 
kb fragment contained all important regulatory elements. 
 To determine the number of PhMADSγ1-like genes in the Petunia hybrida genome, a 
Southern blot was performed on petunia genomic DNA using a probe of the entire PhMADSγ1 
coding sequence. Genomic DNA was digested with either HindIII or EcoRV, enzymes that 
have no recognition site in the coding sequence of PhMADSγ1, and hybridized under stringent 
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conditions (65 0C). The Southern blot revealed four hybridization signals in both lanes (Figure 
1A), indicating that at least four highly homologous genes are present. In a second 
experiment, the blot was hybridized and washed at lower stringency, which resulted in a high 
background, but also in the appearance of a fifth hybridization signal (data not shown).  
 
Five different PhMADSγ1-like coding sequences were isolated 
To isolate PhMADSγ1-like coding sequences, genome walking or conventional PCR was 
performed with primers specific for PhMADSγ1. In a second step, new primers were defined 
on the isolated fragments and additional genome walks were performed. This approach 
resulted in the identification of four novel PhMADSγ1-like coding sequences, named 
PhMADSγ1a, PhMADSγ1b, PhMADSγ1d and PhMADSγ2. Alignment and phylogenetic 
analysis of the five homologs revealed that the coding sequences PhMADSγ1a and 
PhMADSγ1b are closest related to PhMADSγ1, while PhMADSγ1d and PhMADSγ2 are 
more diverged (Figure 1B).  
The alignment of the PhMADSγ1-like coding sequences is presented in Figure 2. This 
alignment shows that PhMADSγ1d represents a truncated gene that has a big deletion 
stretching from the γ-motif until just before the stop codon, resulting in a predicted protein 
that contains only the MADS box and the γ-motif. In comparison with PhMADSγ1, the genes 
PhMADSγ1a, PhMADSγ1b and PhMADSγ2 have an additional 110 bp near the 3’ end of the 
coding sequence. To test if these insertions represent introns, a PCR was performed on cDNA 
and the size of the products was compared with the size of the corresponding genomic 
products. For all three genes, the products amplified from cDNA were of the same size as the 
genomic products, indicating that the proteins of PhMADSγ1a, PhMADSγ1b and PhMADSγ2 
are encoded by a single exon (data not shown). Analysis of the PhMADSγ1b sequence 
revealed that this gene contains a premature stopcodon located 205 bp downstream of the start 
codon. The predicted protein consists therefore of only 68 amino acids and is truncated just 
downstream of the γ-motif.  
 
The PhMADSγ1 duplicates diverged between 6 and 33 Mya 
The majority of the type I MADS box genes has been duplicated after the divergence of 
monocots and dicots (Nam et al., 2004), but additional data on the time of origin of type I 
MADS box genes is lacking. The absence of a close PhMADSγ1 homolog in the Arabidopsis 
genome suggests that the PhMADSγ1-like genes originated after the divergence of the 
lineages leading to the Brassicaceae and the Solanaceae. To determine the age of the 
PhMADSγ1-like genes, we calculated the synonymous substitution rate (Ks) between the 
different gene pairs according to the approximate method of Li et al. (1985). Synonymous 
substitutions do not result in amino acid changes and are therefore considered to be free from 
selection. For the estimation of the divergence time (D) of every gene pair, the number of 
synonymous substitutions/site/year was assumed to be 6.96 x 10-9, as was calculated for 
angiosperm nuclear genes by Moniz de Sá and Drouin (1996).  
The estimated divergence times (D) of the different gene pairs are presented in Table 
1. D ranges from 6.0 Mya (Million years ago) for the gene pair PhMADSγ1a/PhMADSγ1b to 
33.4 Mya for the genes PhMADSγ1d/PhMADSγ2. The estimated divergence times are to a 
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large extent in accordance with the phylogenetic tree shown in Figure 1B. PhMADSγ1a and 
PhMADSγ1b diverged from PhMADSγ1 approximately 11 Mya and share a common ancestor. 
PhMADSγ2 is calculated to have diverged from PhMADSγ1/PhMADSγ1a/PhMADSγ1b 
between 20.4 and 24.6 Mya. Similar divergence times are found for PhMADSγ1d in relation to 
PhMADSγ1/PhMADSγ1a/PhMADSγ1b (between 20.1 and 23.1 Mya). Remarkably, 
PhMADSγ1d was calculated to have diverged from PhMADSγ2 more than 33 million years 
ago. This discrepancy is also visible in the phylogenetic tree, where the position of 
PhMADSγ1d is unresolved. It appears therefore likely that the calculated divergence time of 
the combination PhMADSγ1d/PhMADSγ2 is an overestimation. The variable results in the 
case of PhMADSγ1d can probably be explained by the short coding sequence of the gene (207 
bp). A few substitutions more or less will affect the estimation of divergence time 
considerably.  
To be able to set the different divergence times in an evolutionary perspective, Figure 
3 shows the approximate timeline of petunia evolution. The divergence of the two Solanaceae 
tribes Solaneae, which contains among others the genus Solanum, and Cestreae, containing 
the genera Cestrum, Nicotiana and Petunia, occurred approximately 40 Million years ago. 
This means that the different PhMADSγ1 copies originated all after the divergence of Solanum 
and Cestreae and thus after the divergence of tomato and petunia. Except for 
PhMADSγ1d/PhMADSγ2, the estimated divergence times are less than 27 Mya for all gene 
pairs, indicating that the majority of the PhMADSγ1-like genes originated also after the 
divergence of Nicotiana and Petunia and may thus be specific for the Petunia-lineage. 
 The mode of selection acting on a gene pair (ω) can be estimated by dividing the 
nonsynonymous substitution rate (Ka) by the synonymous substitution rate (Ks) (Lynch and 
Conery, 2000). If ω<1, purifying selection is acting on the duplicated gene, and deleterious 
mutations, which affect the amino acid sequence, are eliminated from the population. Positive 
selection is acting on a gene pair if ω>1. In this case, the rate of nonsynonymous substitutions, 
which change the amino acid sequence of the protein, is higher than the synonymous 
substitution rate. This type of selection is rare, but occurs when one of the duplicates acquires 
Table 1. Estimation of divergence time (D in million years) and selection (ω) for the duplicated gene pairs. 
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Figure 3. Evolutionary timeline of the genus Petunia.  
Monocots
(Crane et al., 1995)
Dicots
~ 130 Mya
Solanales
Solaneae (Solanum)
(Moniz de Sa and Drouin, 1996)
Cestreae
Petunia
Nicotiana
(Ioerger et al., 1990)
~ 27 Mya~ 40 Mya~ 80 Mya
Lamiales
(Wikström et al., 2001)
a new function. Positive selection is thus essential for adaptation and the development of 
novel traits. If ω is approximately 1, there is no functional constraint acting on the duplicated 
gene and the gene will eventually become silenced.  
 To estimate the selective pressure on the PhMADSγ1 gene copies, we determined also 
the nonsynonymous substitution rate and calculated ω for the different gene pairs (Table 1). In 
general, ω does not deviate much from the neutral value 1.0, indicating that there is little 
selection acting on the gene copies. The gene pair PhMADSγ1/PhMADSγ1d has a ω value of 
1.24, indicating that weak positive selection may be acting on one of the gene copies. It 
appears more likely however, that the short coding sequence of PhMADSγ1d has affected the 
calculations. PhMADSγ1/PhMADSγ1a is the only gene pair that has a ω value considerably 
lower than 1.0. Purifying selection is probably acting on this gene pair, although the evidence 
is not very strong.  
 
The PhMADSγ1 paralogs are differentially expressed 
Divergence after gene duplication occurs in the coding sequence of a gene, but even more 
frequently, it occurs in its regulatory region. In the latter case, mutations may result in altered 
gene expression. To investigate the expression patterns of the PhMADSγ1-like genes, 
quantitative RT-PCR experiments were performed, which yielded a relative expression pattern 
for every gene copy (Figure 4B-F). In Figure 4A, the levels of expression of the different 
copies are compared (using the assumption that all fragments were amplified at an equal 
efficiency). In accordance with the data presented in Figure 1, PhMADSγ1 was found to be 
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highly expressed in the ovary and to a lesser extent in the stigma and developing seeds. The 
other gene copies showed considerably lower expression in all tissues tested. To illustrate, 
PhMADSγ1a is the second highest expressed gene copy, but its expression in ovaries is more 
than 750x lower than the expression of PhMADSγ1 in ovaries (Figure 4A). The low levels of 
expression of PhMADSγ1a, PhMADSγ1b, PhMADSγ1d and PhMADSγ2 affect the accuracy of 
the quantitative RT-PCR experiments, since the presence of a few genomic copies has a 
considerable impact on the results. For this reason, the error bars in Figures 4C-4F, which 
reflect the variation found in two biological replicas, are very large. The relative expression 
patterns of PhMADSγ1b and PhMADSγ2 (Figures 4D and 4F) do not reveal a specific tissue in 
which the genes are predominantly expressed. Both copies seem to be most abundantly 
expressed in leaf tissue, but the expression is too weak for a reliable analysis. Although the 
error range is also high in the case of PhMADSγ1a, Figure 4C shows that the expression is 
considerably higher in ovary tissue than in the other tissues, while PhMADSγ1d appears to be 
predominantly expressed in leaves (Figure 4E). 
Five different PhMADSγ1 promoters were isolated 
To study the divergence of the copies in the regulatory region, we isolated the upstream 
regions belonging to the different coding sequences by genome walking. The identified 
fragments were considered useful for further analysis if they were at least 1.0 kb in length. 
Using this criterion, four novel promoter fragments were identified in addition to the original 
PhMADSγ1 promoter. Several other fragments were found that differed slightly from the 
identified promoters and most likely represent the already identified fragments with some 
Figure 4. Relative expression of the PhMADSγ1-like genes.  
A. Comparison of the expression levels of the five PhMADSγ1-like genes in different tissues, computed 
with the assumption that all primer pairs amplified the fragments at an equal efficiency; B. Expression 
pattern of PhMADSγ1; C. Expression pattern of PhMADSγ1a; D. Expression pattern of PhMADSγ1b; E. 
Expression pattern of PhMADSy1d; F. Expression pattern of PhMADSγ2. 
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allelic variation or sequence errors. However, it cannot be excluded that those fragments 
belong to highly similar promoters from different duplicates. To link the isolated promoter 
fragments to the PhMADSγ1-like genes, PCR experiments were performed with a gene-
specific and a promoter-specific primer and the products were sequenced. Four of the five 
promoter fragments revealed to be the upstream region of one of the PhMADSγ1-like coding 
sequences. The promoter fragment pγ1c could not be connected to any of the isolated coding   
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Figure 5. ClustalW alignment of the PhMADSγ1-like upstream regulatory regions. This alignment shows the 
region from -2000 till the start codon. Threshold for shading is 60%. The TATA-box is underlined. 
sequences, and reversibly, the upstream region of PhMADSγ1d could not be isolated. This 
indicates that there are probably at least six PhMADSγ1-like genes in the petunia genome. 
The isolated promoter fragments were aligned in ClustalW for analysis of the 
conserved and diverged regions (Figure 5). The alignment reveals that all promoter fragments 
share a high similarity in the 300 – 400 bp region directly upstream of the ATG. Remarkable 
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in this region is a long stretch of TTC-repetitions present in all upstream fragments. This 
stretch, that is part of the 5’ UTR of PhMADSγ1, ranges from 12 bp for the pγ1c promoter to 
over 60 bp for pγ1b and pγ2. The putative TATA-box is found approximately 100 bp 
upstream of this repetitive region (underlined in figure 5). Analysis of the conservation further 
upstream reveals that the homology between Pγ2, the promoter of PhMADSγ2, and the other 
promoter fragments is restricted to the 400 bp upstream region. The promoter fragments Pγ1a, 
Pγ1b and Pγ1c are highly homologous over the entire isolated sequence, although incidental 
small deletions and insertions are present. Whereas the three fragments share over 90% 
sequence similarity with each other, they differ considerably from the promoter of 
PhMADSγ1. Compared to Pγ1, the Pγ1a, Pγ1b and Pγ1c promoter fragments have a large 
deletion of 663 bp approximately 550 bp upstream of the ATG. Beyond this deletion, the four 
promoter fragments contain another conserved region that shows considerable homology over 
approximately 150 bp. Upstream of this region, the sequence of Pγ1 is completely different 
from that of the other fragments, indicating the presence of a large deletion/insertion or 
duplication via unequal crossing-over.  
 
Modifications in the PhMADSγ1 promoter do not alter the expression pattern 
The presence of a few distinct divergent regions in the promoter fragments may explain the 
differences in expression patterns found for the PhMADSγ1-like genes (Figure 4). Especially 
the remarkable high activity of the PhMADSγ1 promoter compared to the other promoters 
Figure 6. Analysis of GUS expression driven by the PhMADSγ1-like promoters.  
A. GUS expression in the nectaries at the base of the ovary, B. GUS expression in the transmitting tissue of 
the stigma, C. GUS expression in the seedcoat of developing seeds 7 days after pollination, D. GUS 
expression in the basal part of the placenta, E. Table indicating the activity of the different PhMADSγ1-like 
promoters. GUS expression is quantified as high (+), low (+/-) or absent (-). 
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may be deduced from certain motifs specific for the PhMADSγ1 promoter. Because the 
PhMADSγ1 promoter has a large insertion compared to the other promoters, we expected 
motifs responsible for the high activity to be located in this inserted region. To investigate the 
importance of this region for PhMADSγ1 expression, the 663 bp region was deleted from the 
promoter by PCR and a modified promoter::GUS construct (pγ1-600::GUS) was transformed  
to petunia. Similarly, the effect of the highly divergent TTC-repetitive region in the 5’-UTR 
was tested by omitting this sequence from the promoter::GUS reporter construct (pγ1-
lead::GUS) . From both reporter constructs, at least four transformed lines were analyzed for 
GUS activity. A wide range of tissues was tested, but the modified promoters revealed to 
exhibit the same spatial and temporal activity as the original PhMADSγ1 promoter (Figure 6). 
Apparently, the 663 bp unique region and the repetitive region in the leader are not important 
for the expression pattern of PhMADSγ1. Although the expression levels of the reporter gene 
in independent transgenic lines are difficult to compare, we do not have indications that the 
activity of the modified promoters has been changed dramatically.    
 
GUS data confirm that PhMADSγ1 and PhMADSγ1a are differentially expressed 
To verify the expression patterns obtained by quantitative RT-PCR and to study the 
expression of the PhMADSγ1-like genes in more detail, promoter::GUS constructs were made 
for PhMADSγ1a and PhMADSγ2 that contained ~1.4 kb of the promoter sequences. The 
constructs were transformed to petunia and GUS expression was analyzed in several 
transformed lines (Figure 6).  
The majority of the petunia lines transformed with Pγ1a::GUS showed little or no GUS 
activity, but two GUS-expressing lines were identified. Those lines showed a weak activity of 
the promoter in developing seeds and stigma, similar to the PhMADSγ1 promoter. In 
accordance with the quantitative RT-PCR experiments, expression was also found in the 
ovary. However, dissection of the ovary revealed that this expression was not located in the 
nectaries, as is the case for PhMADSγ1, but in the basal part of the placenta (Figure 6D). Thus, 
in addition to being weaker expressed than PhMADSγ1, PhMADSγ1a is also expressed in 
different cell types.  
 Analysis of the PhMADSγ2::GUS transformed plants yielded unexpected results. 
Three lines were found to express GUS in similar tissues and at similar levels as plants 
transformed with a PhMADSγ1::GUS construct, whereas hardly any expression of 
PhMADSγ2 was detected in the quantitative RT-PCR experiments. To confirm the results of 
these experiments, both the sequence of the construct present in the GUS expressing plants 
and the sequence of the RT-PCR product were verified. This demonstrated that in both 
experiments, the PhMADSγ2 gene had indeed be analyzed, revealing a discrepancy in the 
activity of the 1.4 kb promoter fragment of PhMADSγ2 and the endogenous PhMADSγ2 
expression as determined by quantitative RT-PCR experiments, suggesting that inhibitory 
sequences are present more upstream of the promoter fragment. 
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DISCUSSION 
 
The PhMADSγ1-like copies have a recent origin 
The different PhMADSγ1 copies were estimated to have diverged between 6 and 33 million 
years ago, suggesting that the duplications in this clade of type I genes occurred after the 
divergence of tomato and petunia. The recent origin of the paralogs in this study confirms the 
general idea that the majority of the type I duplications occurred after the divergence of 
monocots and dicots. Moreover, the duplications appear to have occurred predominantly after 
the divergence of the different eudicot plant families, especially in the Mγ- and Mβ- 
subclasses (see phylogenetic trees Chapter 2). The rate at which type I MADS box genes have 
been duplicated in the petunia genome, but also in other angiosperm genomes (Nam et al., 
2004), is remarkable, considering the computation of Lynch and Conery (2000) that every 
gene duplicates on average every 100 million years. Whether this high duplication rate is 
specific for certain lineages or present in all angiosperms is unclear. Analysis of the MADS 
box gene family from the poplar genome revealed that Mγ-type MADS box genes are less 
abundant in poplar, suggesting that the duplication rate has been lower in the poplar lineage 
(Leseberg et al., 2006). The comparison of several upcoming sequenced angiosperm genomes, 
like the genomes of tomato and Medicago trunculata, will provide more information on the 
occurrence and rate of type I duplications in the different angiosperm lineages.  
 
There is little evidence for purifying selection on the PhMADSγ1-like genes  
Comparison of the synonymous and nonsynonymous substitution rates of the different 
duplicated PhMADSγ1-like gene pairs provided little evidence for purifying or positive 
selection. Only the gene pair PhMADSγ1/PhMADSγ1a exhibited a Ka/Ks ratio considerably 
lower than one, indicating that purifying selection may act on this gene couple. The absence 
of selective pressure on the other gene pairs suggests that random mutations will accumulate 
in the duplicated genes, eventually resulting in nonfunctionalization. This process is obvious 
in PhMADSγ1b, where a mutation has resulted in an early stop codon, and in PhMADSγ1d, 
which has a large deletion in the 3’ region of the coding sequence. Both genes can be 
considered as pseudogenes and probably do not function redundantly with PhMADSγ1, 
PhMADSγ1a or PhMADSγ2. The apparent absence of selection on PhMADSγ2 suggests that 
this gene is developing into a pseudogene as well. However, although it appears that little 
selection is acting on the gene pairs, it is possible that only certain sites are subjected to 
purifying selection, for example in the MADS box or the γ-motif, while no selection is acting 
on less important residues. If the number of critical sites is low, Ka/Ks may approximate one, 
although purifying selection is acting on the gene to a certain extent. Moreover, all 
substitutions were regarded as nonsynonymous if they resulted in an amino acid change, 
whereas a considerable part of the substitutions resulted in the replacement of a residue by a 
highly similar residue, like the conversion from leucine to isoleucine. These mutations do 
probably not change the configuration of the protein and may thus also be counted as 
synonymous.  
We cannot rule out the possibility that purifying selection is acting on some sites in the 
PhMADSγ1-like genes, but the functional constraint on the genes is clearly not very strong. 
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The presumable absence of functional constraint suggests that PhMADSγ,2 and possibly also 
PhMADSγ1 or PhMADSγ1a, are evolving into pseudogenes. However, as long as no 
deleterious mutations occur, the genes can fulfil a function and are likely to function in a 
redundant manner.  
  
The 5’ regulatory regions of the PhMADSγ1-like genes show considerable divergence 
The fate of duplicated genes cannot only be deduced from the coding sequences of the genes, 
but also from their regulatory regions. Isolation of the promoter regions of the PhMADSγ1-
like genes revealed that considerable divergence has occurred after duplication. The promoter 
sequence of PhMADSγ2 exhibits only homology with the other promoters in the initial ~350 
bp upstream region, whereas the promoter of PhMADSγ1 contains a large insertion compared 
to the other promoters. Furthermore, numerous deletions, insertions and substitutions have 
been changing the different promoter sequences. The comparison of the 5’ regulatory regions 
provides also information on the duplication mode of the gene copies. The fact that homology 
is found in the region upstream of the 5’ UTR excludes the possibility that the genes were 
duplicated via retroposition. Since there is no evidence for a recent genome duplication in 
petunia, the PhMADSγ1-like genes are probably duplicated via unequal crossing-over, 
resulting in the duplication of small groups of genes. Indications for this mode of duplication 
can be found in the promoter sequences of the PhMADSγ1-like duplicates. The absence of 
homology in the PhMADSγ2 promoter upstream of position –400 and in the PhMADSγ1 
promoter beyond position –1630 suggests that unequal crossing over has occurred at these 
positions.  
 The effect of the variation in the different promoters on the expression of the 
PhMADSγ1-like genes was tested by quantitative RT-PCR experiments and promoter::GUS 
analyses. The quantitative RT-PCR revealed that PhMADSγ1 is the only gene that is distinctly 
expressed. The transcript is predominantly present in the nectaries, but can also be found in 
the stigma and developing seeds. The expression of the other four PhMADSγ1-like genes is 
weak and not very specific, although the expression of PhMADSγ1a appears to be increased in 
ovaries. These data were confirmed by the promoter::GUS analyses for PhMADSγ1 and 
PhMADSγ1a, but not for PhMADSγ2. In contrast to the low expression level as determined by 
quantitative RT-PCR, expression of GUS under the control of the PhMADSγ2 promoter is 
clearly visible in the nectaries, stigma and developing seeds, suggesting that the expression 
pattern is similar to that of PhMADSγ1. These conflicting results may be explained by the 
length of the promoter fragment used for the promoter::GUS construct. Possibly, the 1.4 kb 
upstream region of PhMADSγ2 does not contain all regulatory elements, resulting in a 
changed expression pattern. Alternatively, expression of the endogenous PhMADSγ2 may be 
inhibited by the position of the gene in the genome, for example in a heterochromatic region.  
 The 2.0 kb PhMADSγ1 and the 1.4 kb PhMADSγ2 promoter fragments used in the 
reporter assays show only homology from position 0 to –400, but the GUS expression patterns 
are similar. This suggests that the regulatory elements required for the distinct expression of 
PhMADSγ1 are all present in this region. Moreover, the experiments with the modified 
PhMADSγ1 promoter revealed that the leader sequence (position 0 to –66) does not contain 
important regulatory elements, which limits the region important for PhMADSγ1 expression 
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even further to position –66 to –400. To test if this region is indeed sufficient for PhMADSγ1 
expression, additional promoter::GUS experiments have to be performed. 
 
The fate of duplicated type I MADS box genes 
We isolated five PhMADSγ1-like coding sequences and five PhMADSγ1-like regulatory 
regions that probably correspond to six PhMADSγ1-like genes in petunia. The analyses of the 
coding sequences and the expression patterns of the gene duplicates revealed that the copies 
PhMADSγ1b and PhMADSγ1d presumably evolved into pseudogenes already, whereas the 
functional genes PhMADSγ1a and PhMADSγ2 are very weakly expressed. Apparently, the 
PhMADSγ1-like duplicates are subjected to nonfunctionalization, which is in agreement with 
the findings of Maere et al. (2005) that the most likely fate of transcription factors duplicated 
during small-scale events is to become silenced. The distinct expression of PhMADSγ1 
suggests that this gene is not subjected to nonfunctionalization and may fulfil a function in the 
nectary, stigma and seed coat. Our analysis reveals that redundancy with the other 
PhMADSγ1-like genes in these tissues is not likely, but cannot be ruled out completely.  
The analysis of the petunia PhMADSγ1-like genes indicates that petunia and 
Arabidopsis type I genes have a similar evolutionary history. In both lineages, recent small-
scale duplications resulted in an increase of type I MADS box genes that appear to be 
subjected to higher death rates than MIKC-type MADS box genes. The presence of numerous 
recent duplicates suggests that redundancy is common among type I MADS box genes. 
However, our experiments show that divergence in expression pattern can occur rapidly, 
resulting in a presumably lower degree of redundancy. To increase the insight in the degree of 
redundancy of the Arabidopsis type I genes, it may therefore be useful to perform a detailed 
expression analysis as well.  
 
MATERIALS AND METHODS 
 
Plant material 
Petunia variety W115 and the transformed petunia plants were grown under normal 
greenhouse conditions. 
 
Southern blot analysis 
Petunia wild type genomic DNA was isolated according to Roche et al. (1997) and 18 µg was 
digested o/n with HindIII or EcoRV.  The DNA was fractionated on a 0.7% agarose gel and 
blotted onto Hybond N+ membrane. The probe fragment was amplified from genomic DNA 
using primers PhMADSγ1for (5’-CACCATGGATATTGTAAGTGAG-AGAGCCC-3’) and 
PhMADSγ1rev (5’-AGAAAACAACGACAGAACAACAAAAC-TAT-3’). Hybridization 
and washing was performed under high stringency conditions (65 0C hybridization, washing 
until 0.5 x SSC) or low stringency conditions (55 0C hybridization, washing until 1 x SSC). 
 
Genome walk 
Five genome walk libraries were constructed using the restriction enzymes HincII, EcoRV, 
SspI, SnaI and StuI. 2.5 µg genomic DNA was digested o/n at 37 0C in a volume of 80 µl. A 
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phenol/chloroform/iso-amylalcohol extraction was performed and the DNA was precipitated 
with 1/10 volume NaAc (pH 4.5, 3 M), 20 µg glycogen and 2 volumes ice cold 96 % EtOH. 
The pellet was air-dried and dissolved in 20 µl TE. From each tube, 4 µl purified DNA was 
added to 1.9 µl BD GenomeWalker adaptor, 1.6 µl 10x T4 ligation buffer and 0.5 µl T4 DNA 
ligase (6 units/µl). The tubes were incubated o/n at 16 0C.  To stop the reaction, the tubes were 
incubated 5’ at 70 0C and 72 µl TE was added. 
To isolate PhMADSγ1-like fragments, PCR1 was performed with the AP1 primer (5’-
gtaatacgactcactatagggc -3’) and a specific primer. PCR2 was performed with the AP2 primer 
(5’-actatagggcacgcgtggt-3’) and the same specific primer or a nested specific primer. PCR 
mix for PCR1: 5 µl 10 x Platinum Taq buffer, 1.25 µl 50 mM MgCl2, 1.0 µl 10 mM dNTPs, 
1.0 µl AP1 primer, 1.0 µl gene specific primer, 0,1 µl Platinum Taq Polymerase, 1 µl library 
template. The PCR2 mix contained the same components, except that the template was a 1/50 
dilution of PCR1 and primer AP2 was used instead of AP1. The following PCR programs 
were used: 
PCR1: 8 cycles (5” 94 0C, 3’ 68 0C – 1 0C / cycle), 37 cycles (5” 94 0C, 3’ 60 0C), 7’ 67 0C. 
PCR2: 20 cycles (5” 94 0C, 3’ 63 0C), 10 cycles (5” 94 0C, 3’ 63 0C – 0.5 0C / cycle, + 20” / 
cycle), 7 cycles (5” 94 0C, 30” 58 0C, 3’ 67 0C), 10’ 67 0C. 
Primers used for genome walks: Py1rev ( 5’-AACTCACACAAAATGGAAAAGAA-
GAAGAA-3’)  y1deg3’ (5’-ACATCACACAGAITIGAAADCTCTTGTGCYTTCTT-3’) 
Py1unifor (5’-TCTATATAAGTCACTACTATTCTTCATAGGT-3’), Py1unirev (5-
ACCTATGAAGAATAGTAGTGACTTATATAGA-3’), P2kbrev (5’-TGAACACGA-
GAGTTTAAATGTGGTTACTC-3’), G3rev (5’-GTACCAACTTCACCCCCTAAA-
CCAAAAGC-3’), H2rev (5’-TGAAGCCTCACTTAAATTCTTGTCTGCAGC-3’), Py1crev 
(5’-TGGTAGTGAACATATTATGGCGGGTCAC-3’), Py1drev (5’-
GCGTACTAAACTTTTCATATTTTTATTGTC-3’). 
Products were cloned into the pGEM-T easy vector (Promega) and sequenced with the 
flanking M13for/M13rev primers (Quick Start Kit; Beckman Coulter).  
 
Calculation of divergence time and mode of selection 
The different PhMADSγ1-like predicted proteins were aligned with ClustalW and a codon 
alignment of the different coding sequences was performed using PAL2NAL 
(http://coot.embl.de/pal2nal/). The numbers of two-fold and four-fold degenerate sites and the 
number of non-degenerate sites were determined in the different sequences. Subsequently, the 
paralogs were pair wisely compared and the number of synonymous and nonsynonymous 
substitutions was counted. The nonsynonymous substitution rate (Ka) and the synonymous 
substitution rate (Ks) were calculated according to the approximate method of Li et al. (1985). 
Divergence time (D) was calculated by dividing the synonymous substitution rate by the 
number of substitutions/site/year, using the computation of Moniz de Sá and Drouin (1996) 
that the substitution rate of angiosperm nuclear protein-coding genes is 6.96 x 10-9/ site/year. 
For the determination of selection on a gene pair (ω), the Ka/Ks ratio was calculated. 
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Quantitative RT-PCR experiments 
RNA was isolated from different petunia tissues using the method of Goldberg et al. (1981), 
with minor modifications (see Chapter 2). RNA concentrations were equalized and DNase 
treated (RQ1 DNase, Promega). First strand cDNA was synthesized from 0.5 µg RNA using 
iScript Reverse Transcriptase (Bio-Rad). The quantitative PCR was performed with iQ™ SYBR® 
Green Supermix (Bio-Rad), using the following PCR-program: 1’ 95 0C, 40 cycles (10” 95 0C, 
30” 57 0C, 30” 72 0C), 1’ 95 0C, 1’ 57 0C, 80 repeats (10” 57 0C). Two biological replicates 
were performed. To ensure specificity, the primers were designed on divergent regions:  
QUbiqfor   5’-GTCGATGGTCTTTGTTAGTGTTGTGT-3’ 
QUbiqrev   5’-CAGAAACAGGAGCCAATTAAAGCACT-3’ 
QPCRγ1for  5’-GAGATTTCCACTCTGTGTGATGT-3’ 
QPCRγ1rev  5’-CGTAGCCATAGCCTCAAGAGACGGT-3’ 
QPCRγ1afor 5’-GAGCTTTCCACTCTGTGTGATGC-3’ 
QPCRγ1arev 5’-AAAATCTTGGATTGCAGCCATAGCAGT-3’ 
QPCRγ1bfor 5’-GAGCCTTTCACTCTGTGTGATGC-3’ 
QPCRγ1brev 5’-AGGAGGTTGAGGTTGATCAGGTT-3’ 
QPCRγ1dfor 5’-GACTCGGTGTGGTGTTGAAC-3’ 
QPCRγ1drev 5’- TTGAACCTCAGGGGTATTGGC-3’ 
Qγ2for  5’-CGATAGCCGAGGAATTTAATAATGAAC-3’ 
Qγ2rev 5’-TTTCGTATCCTCATTCTTTTTCTCCATT-3’ 
QPCRγ2for  5’-ATGGATGCCTCTCTCGCTAG-3’ 
QPCRγ2rev 5’-ATCGACCGAGCTTGATTATC-3’ 
 
Analysis of the promoter::GUS constructs 
Promoter::GUS constructs were generated using the GatewayTM system from Invitrogen. The 
following primer combinations were used to obtain fragments for the generation of the entry 
clones (pENTR/D-topo): Promoter PhMADSγ1, Pγ1for / Pγ1rev (1977 bp); Promoter 
PhMADSγ1a, Pγ1afor / Pγ1rev (1290 bp); Promoter PhMADSγ2, Pγ2for / Pγ2 rev (1449 bp), 
Promoter PhMADSγ1-lead, Pγ1for / Pγ1-lead rev (1911 bp). The entry clones were 
recombined with the binary RNAi destination vector pKGWFS7 (Karimi et al., 2002). 
Constructs were transformed into Agrobacterium tumefaciens strain EHA105 using freeze-
thaw transformation (Chen et al., 1994). Plants were transformed using the protocol described 
in Chapter 2. 
Pγ1for   5’-CACCGTATCTAGTTTCTATTATACTTTTCATG-3’ 
Pγ1rev   5’-AACTCACACAAAATGGAAAAGAAGAAGAA-3’ 
Pγ2for  5’-CACCATGATGCATGTACCGTTACCGTACCGA-3’ 
Pγ2rev  5’-ACTTAGCTTACAAAAAATGGAAAAGAGA-3’ 
Pγ1afor 5’-CACCATTGTAGAACTCCAAAATCGCTGCACTA-3’ 
Pγ1-lead 5’-CTTTGATATCTAGAACTGAATCTATGAC-3’ 
 
To obtain a construct containing the PhMADSγ1 promoter without the 663 bp specific region, 
a PCR was performed with the Pγ1 topo clone as template. Using the primer combinations 
AttL1for (5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’) / Pγ1-600for (5’-
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ATATCATAACCAATTTCATATTCATTAAC-3’) and AttL2rev (5’- 
GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’) / Pγ1rev (5’- TACCATTTTTGA-
CTCTATGTAATTTCAC-3’), two fragments were generated flanking the 663 bp region. The 
fragments were ligated using T4 ligase and a PCR was performed on the ligation mixture 
using primers Pγ1for / Pγ1rev. The obtained 1313 bp fragment was TOPO-cloned.  
For GUS staining, tissues were submerged in GUS staining buffer (100ml: 4 ml 10% Triton, 
50 ml 100mM phosphate buffer pH 7.2, 2 ml ferricyanide, 2 ml ferrocyanide, 1 ml 100 mM 
X-Gluc, 41 ml H2O), shortly pulled vacuum in the desiccator and incubated o/n at 37 0C. The 
tissue was destained with 70% EtOH. 
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ABSTRACT 
 
MADS box genes in plants can be subdivided into two groups of genes, the MIKC-type (type 
II genes) and type I genes. The MIKC-type genes have been thoroughly investigated and 
revealed to be very important for the specification of meristem identities and floral organ 
primordia. In contrast, the type I genes are still poorly understood and functional analysis has 
so far been restricted to Arabidopsis. AGL80 is one of the few characterized type I genes in 
Arabidopsis and plays an important role in central cell maturation. As a consequence, agl80 
mutant embryo sacs do not develop endosperm after fertilization. We identified two AGL80-
like genes in petunia, named PhMADSγ5 and PhMADSγ7, which are highly homologous and 
putatively fulfill the AGL80 function in petunia in a redundant manner. PhMADSγ5 is able to 
rescue the agl80 mutant and is expressed in embryo sacs, probably together with PhMADSγ7. 
Although both genes are expressed in ovaries, the differential expression in other tissues 
suggests that subfunctionalization has occurred at the regulatory level.  
 
INTRODUCTION 
 
The MADS box gene family encodes for a large number of transcription factors in eukaryotes. 
Proteins that belong to this family are found in animals, yeasts and plants and are involved in 
diverse and important biological functions (Ng and Yanofsky, 2001; Messenguy and Dubois, 
2003; Pařenicová et al., 2003). In plants, MADS box genes can be subdivided into two groups 
of genes, the MIKC-type (type II genes) and type I genes (Alvarez-Buylla et al., 2000b). 
Analysis of the Arabidopsis MADS box family yielded 46 MIKC-type genes and 61 type I 
genes (Pařenicová et al., 2003). Phylogenetic analysis revealed that the type I genes from 
Arabidopsis are not monophyletic, but can be further subdivided into Mα, Mβ and Mγ.  
MIKC-type MADS box genes have been thoroughly investigated in angiosperms and 
revealed to be very important for the formation of the floral organs (Coen and Meyerowitz, 
1991). In addition, MIKC-type genes play a role in the determination of flowering time, the 
development of inflorescences, seed and fruit development, and the response of roots to 
nitrate deficiency (for review see Ferrario et al., 2004). Phylogenetic analysis revealed that the 
MIKC-type genes from seed plants can be subdivided into 12 gene clades of which at least 
seven originated before the divergence of gymnosperms and angiosperms (Becker and 
Theissen, 2003). Within these clades, genes are not only highly homologous, but often fulfill 
similar functions as well. The ancient divergence of MIKC-type genes and the subsequent 
conservation of gene function was probably an important step in the evolution of the 
angiosperm flower and thus in the establishment of the angiosperm lineage (Ferrario et al., 
2004).  
 In contrast to the MIKC-type genes, the extension of the type I class MADS box genes 
occurred more recently in evolution. Arabidopsis and rice type I genes form separate clades in 
a phylogenetic tree, indicating that the majority of the duplications occurred after the 
divergence of monocots and eudicots (De Bodt et al., 2003a; Nam et al., 2004). Moreover, 
phylogenetic analysis of the type I MADS box genes from various angiosperm species 
(Chapter 2, Figures 8 and 9) reveals that the majority of the duplications occurred after the 
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divergence of the different angiosperm families. The low number of clades that contain 
putative orthologous genes suggests that gene function has been less conserved in the type I 
lineage than in the MIKC lineage. However, the fact that the functional analysis of type I 
MADS box genes have so far been restricted to Arabidopsis, makes it impossible to perform a 
functional comparison. 
 The study of type I MADS box genes in Arabidopsis resulted as yet in the functional 
characterization of one Mα-type and two Mγ-type genes. PHERES1 (AGL37) was the first 
type I MADS box gene to be functionally characterized, and appeared to be involved in early 
seed development. Although phe1 mutants showed a wild-type phenotype, reduced expression 
levels of PHE1 in medea seed development mutants restored partially the mutant phenotype, 
indicating a role of PHE1 repression in seed development (Köhler et al., 2003a). The other 
two characterized genes, DIANA (DIA/AGL61; Chapter 5) and AGL80 (Portereiko et al., 
2006), revealed to play a role in female gametophyte development. The Mα-type gene DIA is 
specifically expressed in the female gametophyte and functions predominantly in central cell 
development. Loss-of-function mutants exhibit defects in embryo sac maturation and do not 
form a zygote or endosperm after pollination. The phenotype of the agl80 mutant (fem111) 
appears to be restricted to the central cell and endosperm, in correspondence with the 
expression of the AGL80 gene. fem111 mutants fail to develop endosperm after fertilization 
and exhibit an aberrant central cell morphology. In mature fem111 embryo sacs, the nucleolus 
and vacuole of the central cell are significantly smaller than in wild type. 
 The importance of DIA and AGL80 for female gametophyte functioning suggests that 
a strong evolutionary constraint must be acting on both genes, resulting in the conservation of 
gene sequence and function. Both DIA and AGL80 are therefore expected to have orthologs in 
other angiosperm species. However, the phylogenetic tree of the Mα-type MADS box genes 
does not reveal distinct orthologs of DIA (Chapter 2, Figure 9), although putative candidates 
with moderate homology are present in the genomes of petunia, Medicago and poplar. In 
contrast to DIA, the Mγ-type tree shows that there are several AGL80-like genes in other 
angiosperm genomes. Putative orthologs are present in poplar, Medicago, soybean, potato and 
petunia (Chapter 2, Figure 8).  
To investigate if AGL80 gene function is conserved in other angiosperm species, we 
analyzed two Petunia homologs of AGL80, PhMADSγ5 and PhMADSγ7. Although the big 
five-toothed flowers of petunia differ considerably from the small cross-like flowers of 
Arabidopsis, both species develop a similar polygonum-type embryo sac. This embryo sac 
type is present in approximately 70% of the angiosperm species and consists of the egg cell, a 
large central cell, two synergid cells and three antipodal cells (Reiser and Fischer, 1993). The 
comparable morphology of the Arabidopsis and petunia female gametophytes suggests that 
PhMADSγ5 and PhMADSγ7 may fulfill AGL80-like functions. To investigate the function of 
the petunia genes, the expression patterns were analyzed in detail and compared with the 
expression of AGL80. Furthermore, the ability of PhMADSγ5 to rescue the Arabidopsis 
fem111 mutant was examined and RNAi silencing of PhMADSγ5 and PhMADSγ7 in 
transgenic petunia lines was performed.  
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RESULTS 
 
The Petunia hybrida genome contains three AGL80-like genes 
Type I MADS box genes have been reported from the genomes of Arabidopsis, poplar and 
rice (De Bodt et al., 2003b; Pařenicová et al., 2003; Leseberg et al., 2006), but records of type 
I genes from other angiosperm species are rare. In a database search for novel type I 
sequences from other species, we identified the Mγ-type complete cDNA clone StMADSγ1, 
from Solanum tuberosum (potato). StMADSγ1 revealed to be a close homolog of the 
Arabidopsis gene AGL80, showing 61% identity and 81% similarity on amino acid level.  
The presence of highly conserved regions between StMADSγ1 and AGL80 allowed the 
search for AGL80-like genes in the genome of our model species Petunia hybrida, a relative 
of potato. Primers were designed on the StMADSγ1 conserved regions and a genome walk was 
performed with genomic DNA of Petunia hybrida. This approach resulted in the isolation of 
two very similar AGL80-like sequences, PhMADSγ5 and PhMADSγ7. The isolated 
PhMADSγ5 genomic clone contains the complete 717 bp coding sequence of the gene, while 
the PhMADSγ7 coding sequence is incomplete at both the 5’- and the 3’-end and consists of 
560 bp. The homology between the amino acid sequences of AGL80, StMADSγ1, 
PhMADSγ5 and PhMADSγ7 is indicated in the alignment in Figure 1A. The PhMADSγ5 and 
PhMADSγ7 protein sequences are highly homologous and differ only in six residues, while 
11 changes were observed between the nucleotide sequences (data not shown).  
Figure 1. AGL80-like genes in the Petunia hybrida genome 
A. ClustalW alignment of the amino acid sequences of AGL80 (Arabidopsis), StMADSγ1 (potato), 
PhMADSγ5 (petunia) and PhMADSγ7 (petunia). Threshold for shading is 60%. 
B. Southern blot of Petunia hybrida genomic DNA digested with HindIII and hybridized with a 
PhMADSγ7-probe at 65 0C. 
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 To determine the number of AGL80-like genes in the Petunia hybrida genome, a 
Southern blot was performed on petunia genomic DNA using a probe amplified from the 
PhMADSγ7 sequence. Genomic DNA was digested with HindIII, an enzyme that has no 
restriction sites in the coding sequence of either PhMADSγ5 or PhMADSγ7. Hybridization of 
the blot under stringent conditions revealed three hybridization signals (Figure 1B). The 
absence of HindIII restriction sites in PhMADSγ5 and PhMADSγ7 suggests that the third 
hybridization signal corresponds to a third AGL80-like gene in the petunia genome. 
 
PhMADSγ5 and PhMADSγ7 are differentially expressed 
In Arabidopsis, AGL80 is expressed in a wide range of tissues (Portereiko et al., 2006). In 
accordance with the phenotype of the fem111 mutant, expression of AGL80 is found in the 
central cell of the female gametophyte. In addition, the gene is expressed in roots, leaves, 
stems, young flowers and anthers, with highest transcript levels found in young flowers and 
immature anthers. In situ hybridization experiments by Pařenicová et al. (2003) showed that 
the gene is predominantly expressed in the stamens of young flower buds. To investigate the 
expression of the petunia AGL80 homologs, we performed quantitative RT-PCR experiments 
and tested the activity of the PhMADSγ5 promoter by analysis of a reporter construct.  
 Quantitative RT-PCR analysis was performed with petunia cDNA from various tissues 
using primers specifically designed for either PhMADSγ5 or PhMADSγ7. The relative 
expression levels of both genes in the different tissues are visualized in Figure 2A. Despite the 
high sequence homology between PhMADSγ5 and PhMADSγ7, their expression patterns differ 
considerably. Similar to AGL80, PhMADSγ5 is highly expressed in young flower buds and 
shows distinct expression in petals, anthers, stigmas and ovaries as well. In contrast, 
PhMADSγ7 is only weakly expressed in flower buds and also in the other tested tissues, 
except for ovaries, where the transcript level is slightly higher than the level of PhMADSγ5. 
To investigate the expression pattern of PhMADSγ5 in more detail, 1.5 kb of the 
upstream regulatory region was isolated and fused to the GUS reporter gene (Pγ5::GUS). Nine 
Figure 2. Expression patterns of PhMADSγ5 and PhMADSγ7. 
A.  Real-Time PCR analysis of PhMADSγ5 and PhMADSγ7 expression. Sepals, petals, anthers, stigmas and 
ovaries were harvested from flowers just before anthesis; The samples buds and seeds contain young 
flower buds (2-5 mm) and developing seeds 7 days after pollination, respectively. 
B-D.  GUS expression in plants transformed with pγ5::GUS. The tissues were stained for 2 days. B. mature 
ovary; C. pistil from a young flower bud; D. 7 µm section of a technovit embedded mature ovule. 
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petunia lines transformed with Pγ5::GUS were raised and each line was tested for the 
presence of GUS activity. Three GUS-expressing lines, showing similar temporal and spatial 
GUS-expression patterns, were identified. Consistent with the Real-time PCR experiments, 
GUS signal was observed in young flowers (buds), stigmas and ovaries (Figure 2B-D). 
However, GUS expression in petals or anthers, as detected by the real-time experiment, was 
not found. In contrast to AGL80 transcript, which was predominantly found in young anthers, 
the activity of the PhMADSγ5 promoter in immature flowers appears to be restricted to the 
young stigma (Figure 2C). Upon maturation of the flower, GUS expression becomes also 
visible in the ovary. This expression is highest in the nectaries, but appears also in other parts 
of the ovary and in the ovules after two days of GUS-staining (Figure 2B). To investigate if 
PhMADSγ5 is also expressed in the female gametophyte, mature ovaries were embedded in 
technovit and sectioned. In addition to the clearly visible staining of the nectaries in the 
sections (data not shown), GUS signal was also weakly observed in the entire ovule (Figure 
2D). Unfortunately, the localization of the signal within the embryo sac was not very clear. 
GUS aggregates were observed throughout the female gametophyte and could not be assigned 
to a specific cell-type. However, since the central cell occupies the largest part of the embryo 
sac’s volume, it is not unlikely that the observed embryo sac-wide GUS expression represents 
the activity of the PhMADSγ5 promoter in the central cell.  
 
PhMADSγ5 is able to fully complement the agl80 mutant 
To determine if PhMADSγ5 is able to fulfill AGL80 function in Arabidopsis, we introduced 
the petunia gene in the Arabidopsis mutant fem111 (Portereiko et al., 2006). The fem111 
mutant contains a T-DNA insertion after the second nucleotide of the AGL80 open reading 
frame, which results in a complete loss of AGL80 function. fem111 mutant ovules are sterile, 
resulting in only 50% seed set in fem111/FEM111 plants. Because the phenotype is fully 
penetrant, homozygous fem111 mutants never occur.  
 To determine if the fem111 mutant could be rescued by the introduction of 
PhMADSγ5, we constructed a binary vector that contained the AGL80 promoter (Portereiko et 
al., 2006) fused to the PhMADSγ5 coding sequence and terminated by the CaMV 35S stop. 
fem111/FEM111 plants were transformed with the construct and the seed set and genotype of 
the transgenic plants were analyzed. 
 In fully complemented fem111/FEM111 plants, the effect of the rescue construct will 
be visible in the siliques, where a seed set of ~75% instead of ~50% is expected. We 
identified a few lines with increased seed set and analyzed the genotypes of the offspring. The 
progeny of one line was found to contain fem111/fem111 plants at a one to six ratio, consistent 
with a full complementation. In addition, genotypic analysis of the primary transformants 
revealed one plant that was homozygous for the fem111 mutation and heterozygous for the 
complementation construct, descending from fertilization of complemented fem111 ovules by 
fem111 pollen. Due to the hemizygous state of the complementation construct, these plants 
exhibited a seed set of 50%. Analysis of the progeny of the complemented lines revealed that 
fem111 homozygous mutants, which contained the complementation construct in a 
homozygous state, exhibited a seed set of 100%, indicating that PhMADSγ5 is able to fully 
complement the fem111 mutant. 
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Silencing of the AGL80-like genes in petunia 
To analyze the function of the AGL80-like genes in petunia, we transformed petunia plants 
with a PhMADSγ7 RNAi construct under control of the CaMV 35S promoter. Because the 
homology between PhMADSγ7 and PhMADSγ5 is very high, we expected the construct to 
target PhMADSγ5 transcript as well. The phenotype of the transformed plants was analyzed 
and four lines were identified that exhibited a reduced seed set of approximately 50% (Figure 
3A). Except for the reduction in seed set, no other aberrant phenotypes were observed in the 
transformed lines. A single quantitative RT-PCR experiment indicated that all four lines had 
reduced levels of PhMADSγ5 transcript in young floral buds, ranging from 10 to 40% of wild 
type levels (data not shown). 
To investigate if the mutant phenotype was co-segregating with the construct, a 
minimum of 30 progeny plants from each line was analyzed. Unfortunately, the offspring of 
two lines contained only plants with normal seed set, although genotypic analysis revealed 
that the RNAi construct was present. Probably, the seed reduction phenotype was an artifact 
of the transformation process in those lines or alternatively, the silencing was not inherited to 
the next generation. In the remaining two lines, a 1:1 ratio of wild type phenotypes to mutant 
phenotypes was observed, suggesting that either the male or the female gametophyte was 
affected. Reciprocal crosses showed that in both lines, the decreased seed set was the result of 
a defect in the female gametophyte. However, co-segregation of the transgene with the mutant 
Figure 3. Analysis of PhMADSγ5 and PhMADSγ7 RNAi silenced lines. 
A. Wild type ovary (left) and transgenic ovary of line γ5.30 (right) 4 days after pollination. Seed set in 
the transgenic line is reduced to approximately 50%. 
B. Relative expression of PhMADSγ5 in the ovaries of γ5.30 offspring. The results are pooled into three 
categories: +1, plants containing the construct co-segregating with the phenotype (4 plants). –1, 
plants in which the construct co-segregating with the phenotype is absent, but one or more other 
inserts are present (5 plants). Wt, offspring of line γ5.30 without any construct (1 plant). 
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phenotype could not be confirmed by PCR. Several plants that showed a reduction in seed set 
did not appear to contain the construct and vice versa. To investigate the apparent dislinkage 
of phenotype and genotype further, a Southern blot experiment was performed for line γ5.30. 
Hybridization of the blot with a PhMADSγ7 probe resulted in many signals corresponding to 
at least three insertions of the RNAi construct (data not shown). The presence and absence of 
the signals were scored for the different plants and compared with their phenotypes. This 
revealed linkage between the presence of one signal and the occurrence of the mutant 
phenotype, indicating that only one of the three inserts was responsible for the phenotype 
(hereafter called insert 1). Although we did not perform a Southern blot experiment for the 
offspring of the other line (γ5.24), the presence of multiple inserts may likely have biased the 
segregation analysis by PCR in this case as well.  
 The mutant phenotype in line γ5.30 can be caused by the down regulation of the 
PhMADSγ5 and PhMADSγ7 genes, but may also result from the disruption of an arbitrary 
gene, caused by the insertion of the construct in the genome. To distinguish between these two 
possibilities, the level of silencing in the progeny of γ5.30 was investigated. We expected the 
insert responsible for the mutant phenotype (insert 1) to be more efficient in reducing the 
PhMADSγ5 and PhMADSγ7 transcripts than the other inserts present in the genome. 
Transcript levels of PhMADSγ5 and PhMADSγ7 in ovaries and young floral buds were 
analyzed by quantitative RT-PCR experiments and compared with the different genotypes of 
the γ5.30 progeny plants. The transcript levels of both PhMADSγ5 and PhMADSγ7 in floral 
buds of transgenic plants appeared not to be different from wild type, while the levels in 
transgenic ovaries were slightly reduced with respect to wild type. However, we did not 
observe significant differences between the transcript levels of plants that contained insert 1 
and plants that only contained inserts 2 and/or 3 (Figure 3B), and were thus unable to confirm 
linkage between silencing of the target gene and the mutant phenotype.  
 
DISCUSSION 
 
The importance of AGL80 for female gametophyte functioning suggests that the gene will also 
be conserved in other angiosperm species. Phylogenetic analysis performed in a previous 
study (Chapter 2, Figure 8) indeed demonstrated that several close homologs of AGL80 can be 
found in poplar, Medicago, soybean, potato and petunia. To study the conservation of AGL80 
gene function, the petunia AGL80 homologs PhMADSγ5 and PhMADSγ7 were isolated and 
subjected to further analysis.  
 PhMADSγ5 and PhMADSγ7 are highly homologous and were probably duplicated 
recently. The low number of substitutions (11/560) suggests that the duplication is specific for 
the petunia lineage. Because the coding sequences of the genes are highly similar, both 
proteins presumably function in a redundant manner in the tissues where they are co-
localized. Southern blot analysis revealed that the petunia genome harbors probably three 
AGL80-like genes, indicating that in addition to PhMADSγ5 and PhMADSγ7, a third homolog 
is present, which was not isolated in this study. The appearance of the third hybridization 
signal under stringent conditions suggests that the third AGL80-like gene shares a high 
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homology with PhMADSγ5 and PhMADSγ7 and probably functions (in part) redundantly with 
the other two genes.  
  
PhMADSγ5 and PhMADSγ7 are expressed in the ovary 
Expression analysis revealed that PhMADSγ5 and PhMADSγ7 are differentially expressed. 
While PhMADSγ5 is highly expressed in young floral buds, the expression of PhMADSγ7 is 
generally weaker and the gene is highest expressed in mature ovaries. Apparently, 
subfunctionalization has occurred in the short evolutionary history of the two genes. Casneuf 
et al. (2006) reported that genes duplicated via small-scale duplications often show 
asymmetrical divergence of gene expression, where one gene is expressed in a high number of 
tissues, whereas the other is only expressed in a few. The diverged expression patterns of 
PhMADSγ5 and PhMADSγ7 support this observation and provide another indication that 
changes in the regulatory sequence can occur shortly after duplication (Chapter 3; Gu et al., 
2002; Casneuf et al., 2006). 
Although the expression patterns of PhMADSγ5 and PhMADSγ7 differ considerably, 
both genes are expressed at a similar level in mature ovaries and may thus fulfill a function in 
the female gametophyte. Detailed expression analysis of PhMADSγ5 using a reporter 
construct revealed that the gene is indeed expressed in the embryo sac of mature ovules, 
although the expression appears to be weaker than the expression of AGL80 in Arabidopsis 
embryo sacs. If PhMADSγ7 transcript is also present in the female gametophyte remains to be 
investigated by promoter-reporter analysis. The expression data suggest that PhMADSγ5, and 
maybe also PhMADSγ7, are good candidates to fulfill the AGL80 function in petunia embryo 
sacs. 
 
PhMADSγ5 is able to fulfill AGL80 function in Arabidopsis 
The evolutionary distance between Arabidopsis and petunia is approximately 110 Million 
years (Yang et al., 1999), which is apparent when the sequences of AGL80 and PhMADSγ5 
are compared. High conservation of the protein sequences are found in the MADS domain, 
the γ-motif and in a 90 amino acid region C-terminal from the γ-motif, whereas high sequence 
divergence is observed in the C-terminus. We expressed PhMADSγ5 under control of the 
AGL80 promoter in the agl80/fem111 mutant (Portereiko et al., 2006) and found that 
PhMADSγ5 is fully able to rescue the mutant phenotype. Apparently, all residues important 
for AGL80 functioning have been conserved in PhMADSγ5 and the C-terminal region of 
AGL80 is less important for its function. We did not perform a complementation experiment 
for PhMADSγ7, but the minor differences with the PhMADSγ5 coding sequence suggest that 
PhMADSγ7 will be able to rescue the fem111 mutant as well.  
 
RNAi silencing does not elucidate the role of PhMADSγ5 and PhMADSγ7 in petunia 
The capacity of PhMADSγ5 to complement the fem111 mutant and the expression of the gene 
in the female gametophyte provide a strong indication that the gene fulfills an AGL80-like 
function in petunia. However, we did not manage to elucidate the function of PhMADSγ5 and 
PhMADSγ7 in petunia by analyzing RNAi silenced lines, probably due to technical problems. 
Unfortunately, the transcript breakdown of both genes in the different lines was not very 
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efficient, although six lines were identified with a reduction of more than 50%. Four of these 
lines exhibited a reduced fertility in the first generation. Analysis of the offspring of these 
lines revealed that the mutant phenotype was only maintained in two of the lines, where it was 
a result of a defect in the female gametophyte. We found linkage between the mutant 
phenotype in line γ5.30 and one of the transgene inserts, but not between the downregulation 
of PhMADSγ5 and PhMADSγ7 and the mutant phenotype. This may indicate that the mutant 
phenotype is not caused by the effect of the RNAi, but results from the disruption of an 
arbitrary gene, caused by the insertion of the construct in the genome. However, the apparent 
dislinkage between downregulation and mutant phenotype may also be explained by the 
difficulty to perform a reliable quantitative PCR, due to the weak expression of PhMADSγ5 
and PhMADSγ7. In addition, it is possible that the RNAi silencing does not occur at the 
transcriptional level, but at the translational level.  
The difficulty to achieve a sufficient transcript reduction is probably also due to the 
use of the CaMV 35S promoter to drive the RNAi construct. Although the 35S promoter is 
more or less constitutively expressed, it is known to be hardly active in ovules and early 
stages of embryogenesis (Sunilkumar et al., 2002) and appears therefore not the promoter of 
choice for the analysis of PhMADSγ5 and PhMADSγ7 function. 
 We used the RNAi approach because we intended to knock-down all three AGL80-like 
genes together. Moreover, the transgenic approach allowed us to investigate sporophytic 
phenotypes as well. A disadvantage of this technique is that the introduction of the transgene 
in the genome may also disrupt the function of any gene present at or near the site of insertion. 
Usually, a possible effect of this mutation will only become visible in a homozygous state, 
whereas the RNAi effect is dominant and already visible in a heterozygous state. However, in 
the case of a gametophytic phenotype, discrimination between the effects of the RNAi and the 
insertion event is difficult. This means that the mutant phenotypes found in this study may 
also result from the disruption of an arbitrary gene that is important for (female) gametophyte 
survival. Therefore, extra attention is required when gametophytic tissues of transgenic plants 
are studied. Additional proof for the relation between silencing of the target gene and the 
altered phenotype need to be obtained, either by demonstrating correlation with the 
downregulation of transcript levels or by detailed analysis of the mutant phenotype. In this 
study, the reduction of the transcript levels of PhMADSγ5 and PhMADSγ7 were difficult to 
determine due to the weak expression of the genes. It appears therefore better to focus in 
future experiments on a detailed analysis of the phenotypes of the transgenic lines.  
Alternatively, a non-transgenic approach may be followed to study the function of the 
AGL80-like genes in petunia. Several transposon insertion libraries are available that possibly 
allow the identification of PhMADSγ5 or PhMADSγ7 mutants. The disadvantage of the use of 
single insertion mutants is that a phenotype will not be observed if the genes function in a 
redundant manner and double or triple mutants must be generated. On the other hand, the 
contribution of each gene to the mutant phenotype can be analyzed in the single mutants, 
which is not possible in RNAi silenced plants. 
  
In conclusion, we report the isolation and characterization of PhMADSγ5 and PhMADSγ7, two 
AGL80-like genes from petunia that are highly homologous. The ability of PhMADSγ5 to 
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complement the agl80 mutant shows that the protein structure has been conserved over 110 
million years. This indicates that, although type I MADS box genes form a heterogeneous 
group that is generally thought to be subjected to weaker selection than MIKC-type MADS 
box genes (Nam et al., 2004), the protein structure and function of some type I MADS box 
genes are conserved, providing additional evidence for the functional importance of type I 
genes in angiosperms. However, the presence of three AGL80-like genes in petunia and the 
differential expression of PhMADSγ5 and PhMADSγ7 show that gene duplication and 
subsequent subfunctionalization have occurred. To what extent the different copies fulfill an 
AGL80-like function in petunia remains to be investigated.  
 
MATERIALS AND METHODS 
 
Plant material and growth conditions 
Petunia variety W115 and transformed petunia plants were grown under normal greenhouse 
conditions. Fem111 mutants were grown in a climate chamber with a 16hrs light / 8 hrs dark 
cycle at 22 0C. Seeds resulting from floral dip transformation were sterilized for 1’ in 100% 
Ethanol, 5’ in 1% bleach, washed 3 times in sterile water and germinated on ½ MS selective 
plates (2.2 g MS salts including Gamborg B5 vitamins, 0.5 g MES, 40 mg/l kanamycin). After 
10 days incubation in a growth chamber (16hrs light/8 hrs dark, 22 0C), resistant plants were 
transferred to soil. 
 
Genome walk 
Five genome walk libraries were constructed using the restriction enzymes HincII, EcoRV 
and SspI. 2.5 µg genomic DNA was digested o/n at 37 0C in a volume of 80 µl. A 
phenol/chloroform/iso-amylalcohol extraction was performed and the DNA was precipitated 
with 1/10 volume NaAc (pH 4.5, 3 M), 20 µg glycogen and 2 volumes ice cold 96 % EtOH. 
The pellet was air-dried and dissolved in 20 µl TE. From each tube, 4 µl purified DNA was 
added to 1.9 µl BD GenomeWalker adaptor, 1.6 µl 10x T4 ligation buffer and 0.5 µl T4 DNA 
ligase (6 units/µl). The tubes were incubated o/n at 16 0C.  To stop the reaction, the tubes were 
incubated 5’ at 70 0C and 72 µl TE was added. 
To isolate StMADSγ1-like fragments, PCR1 was performed with the primer pair AP1 (5’-
GTAATACGACTCACTATAGGGC-3’)/ StMADSγ1for (5’-TGTGGGATTGATGC-
TTGTGCTATTATTTA-3’). PCR2 was performed with primer AP2 (5’-
ACTATAGGGCACGCGTGGT-3’) and the same specific primer. PCR mix for PCR1: 6 µl 
5x Phusion buffer, 0.6 µl 10 mM dNTPs, 1.0 µl AP1 primer, 1.0 µl gene specific primer, 0,3 
µl Phusion Polymerase, 1 µl library template. Program PCR1: 8 cycles (10” 98 0C, 3’ 68 0C – 
1 0C / cycle), 37 cycles (5” 94 0C, 3’ 60 0C), 7’ 67 0C. PCR2 mix: 5 µl 10x platinum taq 
buffer, 1.25 µl  50 mM MgCl2, 1.0 µl  AP2 primer, 1.0 µl gene specific primer, 1.0 µl 10mM 
dNTPs, 1.0 µl 1/50 diluted product from PCR1. Program PCR2: 20 cycles (5” 94 0C, 3’ 63 
0C), 10 cycles (5” 94 0C, 3’ 63 0C – 0.5 0C / cycle, + 20” / cycle), 7 cycles (5” 94 0C, 30” 58 
0C, 3’ 67 0C), 10’ 67 0C. 
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Products were cloned into the pGEM-T easy vector (Promega) and sequenced with the 
flanking M13for/M13rev primers (Quick Start Kit; Beckman Coulter).  
 
Southern blot analysis 
Petunia wild type genomic DNA was isolated according to Roche et al. (1997) and 18 µg was 
digested o/n with HindIII.  The DNA was fractionated on a 0.7% agarose gel and blotted onto 
Hybond N+ membrane. The probe fragment was amplified from genomic DNA using primers 
PhMADSγ7for (5’-CACCTTGTGGGATTGATGCTTGTGCTATT-3’) and PhMADSγ7rev 
(5’-CTGATGCATTCCCTCCAATCCCAATTCCA-3’). Hybridization was performed at 65 
0C, washing was carried out until 0.5 x SSC. 
 
Expression analysis 
For Real-time RT-PCR analysis of PhMADSy5 and PhMADSγ7 expression, different tissues 
were harvested from W115 petunia plants. RNA was extracted with the Goldberg method 
(Goldberg et al., 1981) and cDNA was synthesized with the iScriptTM cDNA synthesis kit 
(BioRad). The RT-PCR was performed with the iQTM SYBR® Green Supermix from BioRad 
using primers Qy5-1for (5’-TCTTCTTCTTCTTCTTCACAG-GC-3’) / Qy5-1rev (5’- 
CTTGTGTCCTCTGTTGCATTCCT-3’) for PhMADSγ5, Qy5-2for (5’- 
TCTTCTTCTGCTTCTTCACAGGG-3’) / Qy5-2rev (5’- CTTGTGTCCTCTG-
ATGCATTCCC-3’) for PhMADSγ7 and Qubiqfor (5’-GTCGATGGTCTTTGTTA-
GTGTTGTGT-3’) / Qubiqrev (5’-CAGAAACAGGAGCCAATTAAAGCACT-3’) for the 
reference gene Ubiquitin.  The following PCR program was used: 1’ 95 0C, 40 cycles (10” 95 
0C, 45” 57 0C), 1’ 95 0C, 1’ 57 0C, 80 repeats (10” 57 0C). Two biological replicates were 
performed. To test the downregulation of PhMADSγ5 and PhMADSγ7 in the RNAi silenced 
plants, RNA was isolated from 2-5 mm floral buds or from ovaries just before anthesis. The 
same primers and PCR conditions were used.  
The Pγ5::GUS construct was generated using the GatewayTM system from Invitrogen. The 
promoter of PhMADSγ5 was amplified with the primer pair topoPγ5for (5’- 
CACCGTCAATTTTTTTATATCCATTAACACT-3’) / topoPγ5rev (5’- TGTTTGTCT-
TTGGAGTATGCAAATATGCA-3’) The entry clone was recombined with the binary vector 
pKGWFS7 (Karimi et al., 2002). Constructs were transformed into Agrobacterium 
tumefaciens strain EHA105 using freeze-thaw transformation (Chen et al., 1994). Plants were 
transformed using the protocol described in Chapter 2. 
Technovit embedding, sectioning and staining was performed as described in Chapter 5. 
 
Complementation analysis 
To construct a binary vector containing the Arabidopsis AGL80 promoter, the petunia 
PhMADSγ5 coding sequence and the CaM35S transcription-stop, a multisite Gateway 
approach was used (Invitrogen). The promoter of AGL80 was recombined into entry vector 
pDONR P4-P1R using primers pAGL80attB4for (5’-GGGGACAACTT-
TGTATAGAAAAGTTGACCTATCAAAACCGACTATCGT) / pAGL80attB1rev (5’-
GGGGACTGCTTTTTTGTACAAACTTGTGAAAAAATATTTCTCTTTGTT-3’). The 
coding sequence of PhMADSγ5 was recombined into entry vector pDONR 221 using a two 
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step PCR protocol with primers γ5attB1for (5’-AAAAAGCAGGCTATGACAAGG-
AAGAAGGTGAAG-3’) / γ5attB1rev (5’-AGAAAGCTGGGTTATCATTTAAATTAG-
GAATAA-3’) for the first PCR and Mibus 190 (5’-GGGGACAAGTTTGTACAAA-
AAAGCAGGCT-3’) / Mibus 191 (5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’) 
for the second PCR. The CaMV35S stop was recombined into pDONR P2R-P3 by Jan Zethof. 
The entry vectors were recombined with the binary multisite vector pBm4,3GW (Karimi et 
al., 2002). 
 
RNAi silencing  
The RNAi construct was generated using the GatewayTM system from Invitrogen. A 
PhMADSγ7 fragment was amplified from petunia genomic DNA using primers 
PhMADSγ7for (5’-CACCTTGTGGGATTGATGCTTGTGCTATT-3’) /  PhMADSγ7rev (5’-
CTGATGCATTCCCTCCAATCCCAATTCCA-3’) and cloned into the pENTR/D-TOPO 
vector. The entry clone was recombined with the binary RNAi destination vector 
pK7GWIWG2(I) (Karimi et al., 2002) and transformed into Agrobacterium tumefaciens strain 
EHA105 using freeze-thaw transformation (Chen et al., 1994). Transfer of the construct from 
Agrobacterium to Petunia line W115 was performed using leaf disc transformation as 
described by Horsch et al. (1985) with some adaptations (see Chapter 2). 
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ABSTRACT 
MADS box genes in plants can be divided into MIKC-type and type I genes. MIKC-type 
genes have been studied extensively and revealed to play prominent roles in plant 
development. In contrast, the functions of type I genes are still poorly understood. 
Characterization of the Arabidopsis type I MADS box genes PHERESI and AGL80 (FEM111) 
suggests a role for type I MADS box genes in megagametogenesis or early seed development. 
We investigated two independent T-DNA insertion alleles of the Arabidopsis type I MADS 
box gene AGAMOUS-LIKE 61 (AGL61) and showed that agl61 mutants are affected in the 
development of the female gametophyte. In mutant embryo sacs, central cell morphology is 
aberrant and the polar nuclei do not fuse. Coinciding with the malformation of the central cell, 
degeneration is initiated before fertilization takes place in the agl61 embryo sacs. Although 
pollen tubes are normally attracted and perceived by the mutant ovules, both endosperm 
development and zygote formation do not occur. AGL61 is expressed in the female 
gametophyte in the synergid cells, the egg cell, and the central cell in the final stages of 
embryo sac development. An AGL61:GFP/GUS fusion protein is exclusively localized in the 
polar nuclei and the secondary nucleus of the central cell, but is not detected in the egg cell 
and synergid nuclei, suggesting post-transcriptional regulation. We found that AGL61 is able 
to form a heterodimer with AGL80 in a yeast two-hybrid screen, suggesting that these 
proteins function together in the differentiation of the central cell in Arabidopsis. We renamed 
AGL61 in DIANA (DIA) after the virginal Roman goddess of the hunt. 
 
INTRODUCTION 
 
The MADS box family of transcription factors in plants is well known for its role in 
developmental processes. Members of this family fulfill important functions in vegetative 
development, regulation of flowering time, control of meristem identity, development of the 
floral organs, and fruit and seed development (Becker and Theissen, 2003; Ferrario et al., 
2004). All these well-characterized MADS box genes belong to the MIKC type (also referred 
to as type II) MADS box genes, that share, in addition to the MADS box, the I (Intervening), 
K (Keratin-like) and C (C-terminal) regions. Remarkably, the analysis of the entire 
Arabidopsis genome revealed the existence of a second type of MADS box genes in plants 
(Alvarez-Buylla et al., 2000b; Arabidopsis Genome Initiative, 2000) that had never appeared 
in forward genetic studies. This group of genes, named type I MADS box genes (Alvarez-
Buylla et al., 2000b) or M-type MADS box genes (Kofuji et al., 2003), have no domains in 
common except for the MADS box.  
 The type I MADS box genes from Arabidopsis and rice can be further subdivided into 
Mα, Mβ and Mγ subclasses, which are probably not monophyletic (De Bodt et al., 2003a; 
Kofuji et al., 2003; Pařenicová et al., 2003; Nam et al., 2004). Despite the presumed 
polyphyletic origin of the type I MADS box genes, several characteristics are shared by the 
three subclasses. In contrast to the MIKC-type genes, the majority of the type I genes contain 
no introns (De Bodt et al., 2003b), are weakly expressed (Kofuji et al., 2003; Pařenicová et al., 
2003) and were duplicated after the divergence of monocots and dicots (De Bodt et al., 
2003b).  
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Although the type I genes outnumber the MIKC type genes in the Arabidopsis genome 
(61 versus 46, Pařenicová et al., 2003), little is known about the function of these genes. 
Currently, only two type I genes from Arabidopsis have been functionally characterized. The 
Mγ-type gene PHERES1 (PHE1; AGL37) was found to be regulated by the Polycomb group 
gene MEDEA (MEA) (Grossniklaus et al., 1998) and is expressed in the embryo and 
endosperm shortly after fertilization (Köhler et al., 2003a). Although phe1 mutants show a 
wild-type phenotype, reduced expression levels of PHE1 in mea seed development mutants 
partially suppressed the mutant phenotype, indicating a role of PHE1 repression in seed 
development (Köhler et al., 2003a). Moreover, phe1 mutants partially suppress hybrid seed 
lethality in interspecific crosses of A. thaliana with A. areonsa (Josefsson et al., 2006). More 
evidence for the functionality of Mγ-type genes was provided by the agl80 or fem111 mutant 
(Portereiko et al., 2006). agl80 mutant megagametophytes show a defect in the maturation of 
the central cell and fail to develop endosperm after fertilization. In accordance with the mutant 
phenotype, AGL80 is expressed in the central cell and uncellularized endosperm. 
The functional studies of PHE1 and AGL80 suggest a role for type I MADS box genes 
in female gametophyte development or early seed development, processes that are 
molecularly not very well understood. In the last decade, progress has been achieved in the 
genetic characterization of megagametogenesis, predominantly by forward genetic screens for 
Arabidopsis mutants that exhibit a distorted segregation (Moore et al., 1997; Howden et al., 
1998). Many of the identified mutants affect cell cycle progression in early 
megagametogenesis, when the megaspore mother cell undergoes three rounds of mitosis to 
produce the eight-nucleate embryo sac (Moore et al., 1997; Christensen et al., 1998; Springer 
et al., 2000; Kwee and Sundaresan, 2003; Pagnussat et al., 2005). In the final stages of 
Arabidopsis megagametogenesis, the eight nuclei of the embryo sac migrate and acquire a 
specific fate, followed by cellularization of the syncytium. The resulting 7-celled female 
gametophyte consists of three antipodal cells at the chalazal pole, the egg cell and two 
synergid cells at the micropylar pole, and the bi-nucleate central cell in the center. Upon 
maturation, the nuclei of the central cell fuse to form the diploid secondary nucleus and the 
antipodal cells degenerate, resulting in a four-celled mature female gametophyte (Schneitz et 
al., 1995; Christensen et al., 1997).                             
The molecular processes that regulate the migration of the nuclei and determine cell 
fate and function are not very well understood, although recent studies have revealed several 
mutants that exhibit defects in the final stages of female gametophyte development. The 
mutants myb98 (Kasahara et al., 2005), and feronia (which is allelic to sirene) (Huck et al., 
2003; Rotman et al., 2003) are affected in pollen tube guidance and reception, probably due to 
a defect in synergid cell functioning. Several other mutants have shown to be defective in 
central cell functioning. This includes the mutants gfa2, gfa3 and gfa7, in which fusion of the 
polar nuclei does not occur (Christensen et al., 1998),  fem111, in which central cell fate is 
lost, and fie, fis2, mea, and msi1 that develop endosperm in the absence of fertilization (Ohad 
et al., 1996; Chaudhury et al., 1997; Grossniklaus et al., 1998; Köhler et al., 2003b). Mutants 
specifically associated with egg cell fate or functioning have not been described, but in a 
screen for regulators of egg cell fate, Gross-Hardt et al. (2007) identified the lachesis (lis) 
mutant, in which egg cell fate is extended to the accessory cells of the embryo sac. Moreover, 
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mis-expression of the BHL1 homeodomain transcription factor in the eostre mutant leads to a 
conversion of synergid into egg cell fate (Pagnussat et al., 2007). Despite the identification of 
several mutants, the molecular processes underlying cell fate adoption in the female 
gametophyte and specifically the determination of gametic cell (egg cell and central cell) fate 
and functioning remains elusive.  
 Here, we report the characterization of the type I MADS box gene AGAMOUS-LIKE 
61 (AGL61). AGL61 is a Mα-type MADS box gene that is specifically expressed in the female 
gametophyte in the final stages of megagametogenesis in the synergid cells, the egg cell and 
the central cell, whereas the protein is exclusively targeted to the polar nuclei and the central 
cell nucleus. We studied two T-DNA insertion alleles of AGL61 and demonstrated that both 
lines failed to transmit the mutant allele via the female gametophyte. A thorough investigation 
of the mutant phenotype showed that central cell formation is impaired in agl61 female 
gametophytes. Although the identities of the synergids, egg cell and antipodal cells are not 
affected, agl61 embryo sacs start to degenerate before fertilization and fail to initiate embryo 
and endosperm development after pollen tube reception. We performed yeast two-hybrid 
interaction studies and found that AGL61 can form a heterodimer with AGL80, suggesting 
that both proteins act together in the differentiation of the central cell. We renamed AGL61 in 
DIANA (DIA), after the virginal Roman goddess of the hunt, also goddess of nature and 
childbirth. 
 
RESULTS 
 
DIANA (AGL61) gene structure 
 
Figure 1. Structure of the DIA protein and positions of the T-DNA insertions in the DIA gene. 
(A) DIA protein structure. The MADS box is indicated in black (amino acids 62 to 110, the α-motif is 
indicated in grey (amino acids 115 to 126). A predicted nuclear localization signal is present in the MADS 
box (amino acids 83 to 86). 
(B) DIA gene structure demonstrating the position of the T-DNA in line SALK_009008. The T-DNA is 
inserted 113 nucleotides downstream the ATG. 
(C) DIA gene structure demonstrating the position of the T-DNA in line GK_642H10. The T-DNA is 
inserted 156 nucleotides downstream the ATG. 
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The type I MADS box gene DIANA (DIA), formerly known as AGL61, is a member of the 
Mα-subclass that contains 25 genes in the Arabidopsis genome (Pařenicová et al., 2003). Like 
the majority of the type I genes, DIA is a relatively small protein of 264 amino acids that is 
encoded by a single exon, as is depicted schematically in Figure 1A. The first ATG in the 
open reading frame is present 177 bp upstream of the conserved MADS box, suggesting that 
DIA contains a specific N-terminal region, whereas in most Mα-type proteins the MADS 
domain is located close to the N-terminus. Analysis of the protein sequence in PSORT 
(http://psort.nibb.ac.jp/form.html) revealed a nuclear localization signal within the MADS 
domain, in conformity with a putative role as transcription factor. Except for the MADS 
domain, no conserved domains are present in the type I proteins, but several motifs can be 
recognized that are specific for the different subclasses (De Bodt et al., 2003b). DIA contains 
a distinct Mα-type motif of 10 residues just C-terminal from the MADS box.  
 
DIA is expressed in the later stages of embryo sac development 
To determine the spatial and temporal expression pattern of DIA, we analyzed Arabidopsis 
plants transformed with a pDIA:GFP/GUS construct. This construct contains a 1.9 kb 
upstream fragment transcriptionally fused to the green fluorescence protein (GFP) and β-
glucoronidase (GUS) reporter genes. All plant tissues from 6 selected transformants were 
tested for GUS staining, but staining was only observed in a small region where the stamen 
filament is attached to the anther and in the female gametophyte. For detailed analysis of DIA 
expression, pistils were harvested from various developmental stages and stained for GUS 
activity. The hemizygous state of the construct resulted in a 1:1 segregation of stained and 
non-stained embryo sacs in pistils from flower stages 12-14 (Smyth et al., 1990). Staining was 
not observed during the early stages of megagametogenesis until stage FG5 (Figure 2A). At 
stage FG5, the female gametophyte consists of eight nuclei that migrate to specific positions 
within the embryo sac (Christensen et al., 1997). At late stage FG5, the female gametophyte 
cellularizes to give rise to the four distinct cell types of the female gametophyte: the synergid 
cells, the egg cell, the central cell and the antipodal cells. Ovules expressing the construct 
exhibited a high GUS signal throughout the embryo sac, already after a couple of hours of 
staining (Figure 2B). Clearing of these ovules did not elucidate the position of the cells within 
the embryo sac, because the blue staining was too intense. However, the non-stained ovules in 
the same ovary allowed us to determine the developmental stage of the female gametophytes 
in which DIA is expressed (Figure 2C and 2D).We observed DIA expression for the first time 
in the eight-nucleate female gametophyte, where the polar nuclei are already positioned in the 
center (Figure 2D). Technovit sections of GUS-stained ovules revealed that DIA is expressed 
in all cell types of the embryo sac except for the antipodal cells (Figure 2E). Expression was 
detected in the three cell types prior to the fusion of the two polar nuclei, and persisted until 
the final developmental stage of the female gametophyte (stage FG7). GFP analysis of the 
transformed ovules revealed the same expression pattern (Figure 2F). 
 To determine whether DIA is also expressed after fertilization, we analyzed 
developing seeds of plants containing the pDIA:GFP/GUS construct at several time points 
after pollination. We could detect both GFP and GUS signal mainly near the micropylar end 
of the developing seed until 48h after pollination (data not shown). However, expression of 
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the reporter construct in developing seeds was not detected when the construct was introduced 
via the male parent, suggesting that the observed signal was a remnant from the 
megagametophyte or that the DIA promoter is only active from the maternally derived allele. 
 DIA expression appears to be almost completely restricted to the female gametophyte. 
To confirm the exclusive expression of the gene, we performed a real-time RT-PCR analysis 
with RNA from different tissues (Figure 3). Expression of DIA was detected in rosette leaves, 
stems, inflorescences, stamens and siliques 5 days after pollination, but the relative expression 
in these tissues was less than 5% of the expression measured in pistils, demonstrating that DIA 
is indeed predominantly expressed in the female gametophyte. This expression pattern 
confirmed the results obtained with the promoter-reporter construct. 
To analyze the subcellular localization of the DIA protein and to refine the expression 
analysis, we transformed Arabidopsis plants with a pDIA:DIA-GFP/GUS construct and 
determined the expression of the fusion protein. Surprisingly, the chimeric protein revealed to 
be exclusively expressed in the central cell in the final stages of megagametogenesis (Figures 
2G and 2H). We did not observe any expression in the egg cell or synergid cells, even after 
prolonged staining (up to four days). Consistent with a putative role as transcription factor, 
DIA-GFP/GUS was located in the secondary nucleus (Figure 2G). Expression was also 
detected in polar nuclei prior to fusion (Figure 2H), consistent with the first expression of DIA 
determined by the pDIA:GFP/GUS reporter construct. The altered spatial expression of the 
fusion protein in comparison to the promoter-reporter construct suggests that DIA is not stable 
in the egg cell and synergid cells, or that its translation is regulated.  
Figure 2. DIA expression analysis in the female gametophyte 
(A) Embryo-sac at the four-nucleate stage, in which no GUS staining can be observed yet (B) GUS expression 
under control of the DIA  promoter in a stage FG6 ovule after 4 hrs of staining. (C) Cleared non-stained ovule at 
stage FG5. The micropylar region is enlarged depicted in panel (D). (E) 7.0 µm technovit section of a GUS-
stained ovule at stage FG7. The synergid cells and the central cell are visible in this section. (F) GFP expression 
under control of the DIA promoter in a stage FG7 ovule. The picture is composed of a CSLM picture and a 
brightfield picture. (G) GUS signal in pDIA:DIA-GFP/GUS ovule stage FG7 (H) GFP signal in pDIA:DIA-
GFP/GUS ovule late FG5. The picture is composed of a CSLM and a brightfield image. 
sn, synergid nuclei; en, egg cell nucleus; cc, central cell; sc, synergid cell; se, secondary nucleus; pn, polar 
nuclei.  
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DIA interacts with several Mγ-type proteins 
The efficiency at which MADS box proteins are transported into the nucleus is often 
dependent on their ability to form homo- or heterodimers (Immink et al., 2002). The 
discrepancy between the cell-types where DIA is expressed and the location of the DIA-
GFP/GUS fusion protein may therefore be explained by the dissimilar ability of DIA to form 
heterodimers in the different cell types. The interactions between all MADS box transcription 
factors in Arabidopsis have been investigated by De Folter et al. (2005) in a matrix-type yeast 
two-hybrid screening. The ability of DIA to interact with other MADS domain proteins was 
also investigated in their study, but no interactions were identified. To verify these results, we 
sequenced the DIA clone used in the study by De Folter et al. and identified a frameshift, 
probably explaining the lack of interactions. Therefore, we performed a similar screening 
using newly constructed bait and prey vectors with the DIA open reading frame. Both vectors 
were transformed to yeast and mated with the set of MADS box prey and bait vectors used by 
De Folter et al. (2005).  
 Analysis of the interactions revealed that DIA forms heterodimers with the Mγ-type 
proteins AGL80, PHE1, AGL38 (PHE2) and AGL86, while homodimerization was not 
observed. Of the four identified interaction partners, AGL80 is the only gene reported to be 
expressed in the female gametophyte (Portereiko et al., 2006). In the context of the embryo 
sac, AGL80 is exclusively expressed in the polar nuclei and secondary nucleus, and the 
AGL80 protein is therefore a likely candidate to facilitate transport of DIA to the nucleus of 
the central cell. The absence of interaction partners expressed in the synergids or egg cell may 
indicate that DIA can indeed not be translocated to the nucleus of these cell types.  
Figure 3. Real-time-RT-PCR analysis of DIA expression 
Quantitative RT-PCR reaction of DIA transcript, using UBC21 as a reference gene. R = Roots; RL = Rosette 
Leafs, St = Stem, I = Inflorescences from flowers at stage 1 to 11 (according to Smyth et al., 1990); A = 
Anthers and filaments from flowers at stage 11 to 14; P = Pistils from flowers at stage 12 to 14; S = Siliques 5 
days after pollination. Error bars indicate the standard deviation. 
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The dia mutation affects the female gametophyte 
To investigate the function of DIA, we identified T-DNA insertion lines in the SALK Institute 
Genomic Analysis Laboratory collection (Alonso et al., 2003) and in the GABI-Kat insertion 
collection (Rosso et al., 2003). Figures 1B and C show the position of the T-DNA insertions 
in DIA. The T-DNA in line SALK_009008 (dia-1) is inserted 113 bp downstream of the 
putative start codon and 46 bp upstream of the start of the MADS box region. Line 
GK_642H10 (dia-2) contains the T-DNA insertion 156 bp downstream of the putative start 
codon and only 3 bp upstream of the start of the MADS box. The positions of these T-DNA 
fragments suggest that both alleles are most likely knock-outs.   
For both alleles, seeds from a segregating T3 generation were obtained. Genotyping 
this generation by PCR analysis using gene-specific and T-DNA specific primer sets revealed 
that no homozygous mutant was present for dia-1 (n=19) and dia-2 (n=36). Furthermore, 
plants scored as heterozygous mutants had siliques in which only ~50% of the seeds 
developed (Figure 4A), suggesting that the dia mutation causes gametophytic lethality.  
 To determine if the dia mutation affects the male or the female gametophyte, 
reciprocal crosses were performed with dia-1/DIA plants. Heterozygous mutants were either 
selfed, used as female parents for pollination with wild type pollen, or used as male donor to 
pollinate wild type females and the progeny was scored (see Table 1). In all progeny plants, 
occurrence of the silique phenotype was linked to the presence of the dia-1 mutant allele as 
was determined by PCR (results not shown). The progeny of the self-pollinated dia-1/DIA 
plants did not exhibit a Mendelian segregation (p = 2.4 x 10-24), but approximated a 1:1 
segregation of DIA/DIA to dia-1/DIA plants (p = 0.48), and no homozygous mutants were 
observed (see Table 1). When dia-1/DIA was used as the male parent, 54% of the progeny 
was heterozygous for the mutation (male transformation efficiency TEM = 105%), 
demonstrating no significant difference between the transmission of the dia-1 allele and the 
Figure 4. Seed set and DIA expression in dia/DIA plants 
(A) Cleared siliques from wild type (left), dia-1/DIA (middle) and dia-2/DIA (right) at 7 d after 
pollination. Siliques of the heterozygous mutants are smaller and seed set is reduced to approximately 
50%. 
(B) Quantitative RT-PCR analysis of DIA expression in wild type and dia-1/DIA mature pistils. The bars 
indicate relative expression of DIA. Error bars indicate SD. 
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wild type allele via the male gametophyte (p = 0.79). However, the use of dia-1/DIA as the 
female parent resulted only in wild type progeny (TEF = 0%), indicating that the mutation 
affects the transmission of the mutant allele via the female gametophyte (p = 4.3 x 10-12). The 
absence of any homozygous mutant in the progeny indicates that the dia-1 mutation is fully  
penetrant.  
The location of the T-DNA insertion in dia-1 downstream of the ATG but upstream of 
the MADS box region suggests a complete disturbance of DIA function. To obtain 
information about the reduction of gene expression, DIA expression was analyzed by real-time 
RT-PCR in wild type and dia-1/DIA mature pistils. In the heterozygous pistils, we observed a 
reduction in expression of about 50% (Figure 4B) compared to the wild type. This is in 
agreement with the expected loss of expression in the mutant gametophytes, which are 
harboured by half of the ovule population.  
To verify that the mutant phenotype was indeed caused by the loss of DIA function, we 
transformed dia-1/DIA plants with pDIA:DIA-GFP/GUS to complement the mutant. Seven 
lines hemizygous for the rescue construct and for the dia-1 mutation exhibited an increased 
seed set of approximately 75%. Genotypic analysis revealed homozygous dia-1 plants 
amongst the progeny of five of these lines, and the observed number of homozygous plants 
(15 out of 55 genotyped plants) indicated that the parent plants were fully complemented. 
These data demonstrate that the loss of DIA is responsible for the female gametophytic 
phenotype and that the promoter fragment used for the expression analyses contains all 
essential regulatory elements. 
 
dia embryo sacs show aberrant central cell and egg cell morphology 
To investigate the dia phenotype in more detail, we analyzed more than 100 embryo sacs from 
wild type and dia-1/DIA mutants. Approximately 50% of the ovules in dia-1/DIA ovaries 
contains the DIA allele and will show a wild type phenotype, whereas the other 50% 
represents a mutant population in which an aberrant phenotype may be apparent. To search for 
morphological abnormalities in this population, ovules were fixed in glutaraldehyde 
(Christensen et al., 1997) and observed by Confocal Scanning Laser Microscopy (CSLM). 
Ovules were analyzed from stage FG1 (one-nucleate embryo sac) until stage FG7 (mature, 
four nucleate embryo sac with degenerated antipodal cells). Analysis of the early stages of 
female gametophyte development revealed that there is no difference between the 
Parental Genotypes Progeny Genotypes 
Female Male DIA/DIA dia-1/DIA dia-1/dia-1 
dia-1/DIA dia-1/DIA 103 93 0 
dia-1/DIA DIA/DIA 48 0 - 
DIA/DIA dia-1/DIA 64 67 - 
Table 1. Segregation of dia-1 
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development of wild type and dia-1 gametophytes up to and including the four-nucleate stage 
(n = 18; Figure 5A). However, from stage FG5 onwards, we observed an increasing number 
of aberrant embryo sacs in the dia-1/DIA pistils. The effect of the dia-1 mutation was most 
apparent at the final stage of megagametogenesis (stage FG7). In dia-1/DIA pistils harvested 
24-48h after emasculation, we clearly observed a wild type population (53%) and a mutant 
population (47%).  
Wild-type embryo sacs at stage FG7 consist of three cell types (Figure 5B). The two 
synergid cells are localized at the micropylar end and function in the attraction and guidance 
of the pollen tube, while the haploid egg cell and diploid central cell represent the female 
Figure 5. Microscopic analysis of the dia-1 phenotype  
A, D – F dia-1 ovules; B, C Wild-type ovules.  (A) Stage FG4 ovule showing a wild type phenotype. This 
picture is a CSLM projection of three 1.0 µm optical sections. (B) Stage FG7 wild type ovule. This picture is a 
CSLM projection of two 1.0 µm sections. (C) Wild type ovule 16 hours after pollination. Light microscopy 
picture of a 1.0 µm section. (D) dia-1 ovule at stage FG7. CSLM projection of a single 1.0 µm section. (E) 
dia-1 ovule at stage FG7. CSLM projection of a single 1.0 µm section and (F) Degenerated dia-1 ovule 12 
hours after pollination. Light microscopy picture of a 1.0 µm section.   
Cn, chalazal nuclei; mn, micropylar nuclei; en, egg cell nucleus; sen, secondary nucleus; sn, synergid cell 
nucleus; un, undefined nucleus z, zygote; end, endosperm nuclei.  
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gametes that will develop into the zygote and the endosperm, respectively, after fertilization. 
We could identify all three cell-types in >90 % of the wild-type ovules at stage FG7 (n = 36), 
but only in 53% of the dia-1/DIA ovules (n = 109). In the mutant population (51 ovules), the 
secondary nucleus of the central cell was never observed, whereas the appearance of the other 
two cell-types was variable (see Figures 5D and 5E). In one third of these ovules, no cell types 
could be recognized because the embryo sac was filled with a fluorescent substance, 
indicating that the female gametophyte was degenerating. In the remaining mutant population 
(34 ovules), synergid nuclei were observed in more than 2/3 of the embryo sacs, whereas a 
putative egg cell nucleus could only be identified in 26% of the assumed dia-1 ovules.  
In the majority of the mutant embryo sacs, synergid cells are present, but a distinct egg 
cell is lacking. These embryo sacs often contained one or more undefined nuclei, whose 
spatial arrangement was aberrant (Figure 5D and 5E). Whether these nuclei have egg cell 
identity is difficult to determine from these pictures. To study the functionality of the egg cell, 
we fixed mutant ovules shortly after fertilization and investigated if a zygote was formed. 
However, neither endosperm nor embryo development was initiated in dia-1 ovules after 
pollination and a fast degeneration was observed (Figures 5C and 5F), suggesting that a 
functional egg cell is lacking in dia-1 embryo sacs.  
 
dia-1 embryo sacs fail to establish central cell identity  
The microscopic analysis of the dia-1 phenotype revealed that a secondary nucleus is absent 
in the mutant megagametophytes. In addition, the overall embryo sac morphology is aberrant 
and undefined nuclei are often observed. To investigate the fate of the different cell types in 
dia-1 embryo sacs further, we crossed dia-1/DIA plants with marker lines expressing GUS in 
the different cell types of the female gametophyte (Groß-Hardt et al., 2007). Seeds harvested 
from each cross were sawn and embryo sacs of the F1 generation, both hemizygous for dia-1 
and for the reporter construct, were analyzed.  Because the reporter construct was present in a 
hemizygous state, GUS signal could only be observed in 50% of the ovules from DIA/DIA 
plants. For each cross, the expression of the reporter line in DIA/DIA plants was compared 
with the expression in dia-1/DIA plants and the number of expressing ovules was scored 40h 
after emasculation or, in case of the antipodal marker, in stage FG5-6 (Figure 6A-L). 
 Consistent with the microscopic analysis, we were unable to detect expression of the 
central cell marker pMEA::GUS in dia embryo sacs (Figure 6A-C). Although dia female 
gametophytes also show an aberrant morphology of the micropylar cell types, we observed 
expression of both the synergid marker ET2634 and the egg cell marker ET1086 at a similar 
number in DIA/DIA and dia/DIA pistils (Figure 6D-I). This suggests that synergid cell fate 
and egg cell fate are not compromised in dia embryo sacs. However, in dia 
megagametophytes, the GUS signal of both the egg cell and the synergid markers appeared to 
be extended to adjacent cells and sometimes filled the embryo sac completely. This extension 
of the signal may be explained by an increased diffusion of GUS, caused by the initiation of 
degeneration in the mutant embryo sacs. The analysis of the dia phenotype by confocal 
microscopy revealed that degeneration has occurred in approximately one third of the stage 
FG7 embryo sacs. Moreover, a fluorescent substance was often visible in the remaining 
population (Figures 5D and 5E), indicating that also these embryo sacs were subjected to 
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degeneration. To investigate if the observed signal diffusion could indeed be a result of 
degeneration, we analyzed expression of the ET2634 marker in DIA/DIA ovules 8 hours after 
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pollination. At this time point, one of the synergids has undergone cell death in response to 
the perception of the pollen tube (Sandaklie-Nikolova et al., 2007). We observed in many 
ovules diffusion of the GUS signal that resembled the staining observed in dia embryo sacs 
(Figure 6O), supporting the idea that the extension of ET2634 and ET1086 signal in dia 
ovules is caused by degeneration and subsequent diffusion of GUS. 
 To study the fate of the antipodal cells in dia embryo sacs, we analyzed dia-1/DIA 
plants crossed with the antipodal marker GT3733. We did not find a difference between the 
number of FG5-FG6 female gametophytes expressing the marker in dia/DIA and DIA/DIA 
plants (Figure 6J-L), indicating that the differentiation of the antipodals is not affected in dia 
mutants. Also, diffusion of the signal was not observed in dia embryo sacs, suggesting that 
degeneration had not yet initiated, and that cellularization occurred normally in stage FG5 
mutant embryo sacs. However, we did observe a difference in the location of the GUS signal 
in ovules from dia/DIA and DIA/DIA plants. In a number of ovules from dia-1/DIA plants, the 
expression of the antipodal marker appeared to be shifted towards the micropylar pole, 
probably because of the absence of a large central cell. Yet, due to the weak and transient 
expression of the GT3733 marker, we were not able to quantify this observation. 
Taken together, these data suggest that DIA is important for the differentiation of the central 
cell, but does not determine the fate of the synergids, the egg cell and the antipodal cells. 
However, our data indicate that the absence of the large central cell triggers degeneration of 
the embryo sac at stage FG7 and thus indirectly affects the synergid cells and egg cell.  
 
dia embryo sacs perceive pollen tubes, but do not form a zygote 
To investigate if the initiation of degeneration in stage FG7 affects the ability of the synergids 
and egg cell to fulfill their functions, we performed additional experiments. Several female 
gametophytic mutants, exhibiting a defect in fertilization, have been reported to be affected in 
pollen tube guidance or reception due to malfunctioning of the synergid cells (Huck et al., 
2003; Rotman et al., 2003; Kasahara et al., 2005) To address the question whether dia female 
gametophytes are able to attract a pollen tube, we performed aniline blue staining of 
pollinated wild type and dia-1/DIA siliques 20 h after pollination. In both experiments, a 
Figure 6. Characterization of the dia mutant ovules using marker lines 
Expression analysis of cell-specific marker genes in DIA/DIA and dia-1/DIA pistils. The marker lines are present in 
a hemizygous state. The pistils were harvested two days after emasculation, unless otherwise indicated. 
(A-C) Expression of the synergid cell marker ET2634 in DIA (A) and dia-1 (B) ovules. (C) Bars showing the 
percentage of GUS staining ovules in DIA/DIA and dia-1/DIA pistils (n = 442). (D-F) Expression of the egg cell 
marker ET1086 in DIA (D) and dia-1 (E) ovules. (F) Bars showing the percentage of GUS stained ovules in 
DIA/DIA and dia-1/DIA pistils (n = 634) (G-I) Expression of the central cell marker pMEA::GUS in DIA (G) and 
dia-1 (H) ovules. (I) Bars showing the percentage of GUS stained ovules in DIA/DIA and dia-1/DIA pistils (n = 
623) (J-L) Expression of the antipodal marker GT3733 in DIA (J) and dia-1 (K) ovules in stage FG5-FG6. (L) 
Bars showing the percentage of GUS stained ovules in DIA/DIA and dia-1/DIA pistils (n = 88). (M-N) GUS 
staining in DIA (M) and dia-1 (N) ovules 8h after pollination with the EXO70 pollen tube marker. (O) GUS 
staining of the synergid cell marker ET2634 8h after pollination in DIA (M) ovules. (P-R) GUS staining in 
DIA/DIA (P) and dia-1/DIA (R) pistils 16h after pollination with the EXO70 pollen tube marker. (R) Bars showing 
the percentage of GUS stained ovules in DIA/DIA and dia-1/DIA ovules (n = 276). (S-U) GUS staining in DIA (S) 
and dia-1 (T) developing seeds 20h after pollination with the RPS5A zygote marker. (U) Bars showing the 
percentage of GUS stained ovules in DIA/DIA and dia-1/DIA ovules. 
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pollen tube was observed near the micropyle of > 95% of the ovules (data not shown), 
indicating that pollen tube guidance by dia mutant embryo sacs is normal. Also, we did not 
observe uncontrolled growth of the pollen tube inside the female gametophyte, as was 
reported for the feronia and sirene mutants (Huck et al., 2003; Rotman et al., 2003). To 
determine if the pollen tube is also penetrating dia ovules, we pollinated wild type and dia-
1/DIA ovaries with the pollen tube marker EXO70. This marker line carries a 1.4 kb promoter 
fragment of the EXO70 gene (At2g28640) fused to the GUS reporter gene and shows a high 
GUS signal in the pollen tube that is released in one of the synergid cells when the pollen tube 
penetrates the embryo sac. Ovules were harvested 8h and 16h after pollination and stained for 
GUS activity. In both experiments, the number of stained ovules from dia-1/DIA siliques was 
similar to the number of stained ovules in the wild type. However, approximately half of the 
ovules from dia-1/DIA ovaries exhibited diffusion of the GUS-signal 8h after pollination, 
whereas we observed extension of the signal only in a small portion of the wild type ovules 
(Figures 6M and 6N). Nonetheless, this difference had disappeared 16h after pollination, 
when diffusion of the signal had also occurred in wild type ovules, due to the degeneration of 
one of the synergids upon pollination (Figures 6P and 6Q). Our data indicate that the 
penetration of the synergid cell by the pollen tube is normal in dia embryo sacs and, that the 
synergid function is not impaired. 
The microscopic analysis revealed that embryo initiation does not occur in dia ovules. 
To confirm this observation, we analyzed zygote formation by pollinating wild type and dia-
1/DIA pistils with pollen from a pRPS5A:GUS marker line (Weijers et al., 2001b). The RPS5A 
gene is strongly expressed in dividing cells and activity of the paternal allele can be detected 
from the two-cell stage onwards (Weijers et al., 2001a). Wild-type and dia-1/DIA pistils were 
pollinated by the homozygous marker line, harvested after 20 h and stained for GUS activity. 
Analysis of the number of staining ovules revealed that a clear GUS signal was present in 
85% of the ovules from wild-type plants, but only in 53% of the ovules from dia/FRE plants 
(Figure 7D-F). These data indicate that the majority of the dia ovules remains unfertilized, 
although we can not exclude that some dia ovules may manage to activate embryogenesis. 
 
DISCUSSION 
 
DIANA is required for central cell development 
DIANA (DIA) is a Mα-type MADS box gene that is almost exclusively expressed in the final 
stages of female gametophyte development. We investigated two independent T-DNA 
insertion alleles that disrupt DIA gene functioning and found a distorted Mendelian 
segregation of 1:1 instead of 3:1. Reciprocal crosses revealed that the mutant allele is fully 
transmitted through the male gametophyte, but fails to transmit through the female 
gametophyte.  
 We investigated the dia phenotype in megagametophytes both by microscopy and by 
marker line analysis and found that the dia mutation is predominantly affecting the 
differentiation of the central cell. Up to the four-nucleate stage, no differences were observed 
between embryo sacs from wild type and dia/DIA ovaries, but from the eight-nucleate stage 
onwards (stage FG5), aberrant embryo sacs were present in the dia/DIA pistils. However, the 
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embryo sacs within one pistil do not develop completely synchronically, which made it 
difficult to precisely determine the stage in which abnormalities were observed first. The 
results obtained from the cross with the antipodal marker suggest that cellularization occurs 
normally in dia embryo sacs, although the putatively formed central cell appears smaller than 
in the wild type. The first distinct defect in dia embryo sacs was observed in stage FG6 
ovules, where the secondary nucleus is not formed. The percentage of ovules that succeeds to 
form a secondary nucleus in dia/DIA ovaries is 53%, much lower than the observed 
percentage of 92% in wild type ovaries, but it cannot be excluded that a few dia embryo sacs 
do manage to develop a secondary nucleus.  
 In the final stages of megagametogenesis, dia embryo sacs contain a variable number 
of nuclei with an aberrant position of which the nature could not be determined by 
microscopy. Marker line analysis revealed that both the egg cell and the synergid cell fates are 
established in the mutant embryo sacs, whereas the central cell marker pMEA::GUS is not 
expressed. Both synergid and egg cell nuclei thus appear to be present and the observed 
abnormal morphology of the egg cell may be caused by the absence of a normal central cell. 
The nature of the additional nuclei that were observed in several dia embryo sacs was not 
completely elucidated by the marker line analysis. Probably, these nuclei represent remaining 
polar nuclei. Alternatively, it is possible that the undefined nuclei adopted egg cell or synergid 
cell fate, which could explain the extension of the GUS signal of both the egg cell and 
synergid markers. However, the extended signal was observed in the entire mutant population, 
whereas additional nuclei were only found in approximately half of the dia embryo sacs. 
Therefore, we presume that the extended GUS signal is a result of diffusion, caused by 
degeneration of the dia embryo sacs in response to the absence of a normal central cell. 
Although the dia mutation primarily affects central cell development, the initiation of 
degeneration prior to fertilization has an effect on the micropylar cell types as well. Synergid 
cells are able to attract and receive pollen tubes, but the failure of zygote formation in the 
majority of the dia embryo sacs reveals that the fertilization process and/or egg cell function is 
impaired. Also the egg cell marker line analysis in dia mutant ovules indicates that the 
integrity of the egg cell is affected. 
 
DIA protein exclusively accumulates in the secondary nucleus 
Analysis of plants transformed with a pDIA:DIA-GFP/GUS construct revealed that the fusion 
protein is exclusively present in the polar nuclei and the secondary nucleus of the central cell, 
consistent with the function of DIA in central cell differentiation. However, we found a 
discrepancy between the location of the DIA-GFP/GUS fusion protein and the cell-types 
where the gene is expressed. Reporter gene expression under control of the DIA promoter was 
observed throughout the embryo sac in the final stages of megagametogenesis. Histological 
analysis revealed that GUS signal was present in the synergid cells, the egg cell and the 
central cell, while presence of the signal in the antipodal cells could not be detected. The 
difference between the two experiments cannot be explained by the use of an incomplete DIA 
promoter fragment, because it proved to be sufficient to fully rescue dia mutants, and 
importantly, the same upstream promoter fragment was used in both experiments. Also, 
prolonged staining did not result in any GUS signal outside the central cell, indicating that the 
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discrepancy is not caused by a different expression level in the embryo sac cell types. It 
appears therefore that DIA is expressed in the central cell, the egg cell and the synergids, but 
that either the DIA mRNA is not translated in the egg and synergid cells, or that stability and 
transport of the DIA protein into the nucleus is only facilitated in the central cell. Other 
studies have shown that the efficiency at which MADS box proteins are transported to the 
nucleus often depends on their ability to form homo- or heterodimers (Immink et al., 2002; De 
Folter et al., 2005). Analysis of the interaction partners of DIA revealed that in the context of 
the embryo sac, DIA can probably interact with the central cell specific Mγ-type protein 
AGL80 only (Portereiko et al., 2006), supporting the hypothesis that dimerization does not 
occur in the egg cell and synergid cells. The fact that we did not observe any expression of the 
fusion protein in the micropylar cell types indicates that DIA is not stable in the absence of 
translocation.  
 
DIA is specifically involved in female gametophyte development 
A large proportion of the mutants with a defect in the formation or functioning of the female 
gametophyte is disrupted in housekeeping genes or genes that encode for cell cycle proteins 
(Dresselhaus, 2006). These genes usually function throughout the plant, but exhibit female 
sterility in a hemizygous state and are thus identified as female gametophyte mutants. This 
category comprises cki1 (Pischke et al., 2002), nomega (Kwee and Sundaresan, 2003), 
lachesis (Groß-Hardt et al., 2007) and many of the mutants identified by Pagnussat et al. 
(2005). In contrast to the genes disrupted in these mutants, DIA is specifically and almost 
exclusively expressed in the female gametophyte and is involved in megagametogenesis. The 
identification of transcription factors like DIA, that play a specific role in female gametophyte 
development, is essential for the unraveling of the gene regulatory networks involved in 
megagametogenesis. To date, knowledge about these networks is largely missing and only 
fragmentary information is available. Expression studies carried out by Yu et al. (2005), 
Johnston et al. (2007) and Steffen et al. (2007) provide a source for the identification of cell-
type specific transcription factors in Arabidopsis and can be used as a starting point for the 
analysis of gene regulatory networks underlying female gametogenesis. 
 
DIA interacts with Mγ-type MADS domain proteins 
We used a yeast two-hybrid assay to identify interaction partners of DIA and contribute to the 
elucidation of the gene regulatory networks involved in megagametogenesis. The assay 
revealed that DIA strongly interacts with the Mγ-type MADS box proteins AGL80, PHE1, 
PHE2 (AGL38) and AGL86, conform to the observation of De Folter et al. (2005) that Mα-
type MADS box proteins preferentially dimerize with Mβ- or Mγ-type proteins.  Interestingly, 
among the interaction partners of DIA are the only two currently characterized Mγ-type 
proteins, AGL80 and PHE1.  
 AGL80 functions in Arabidopsis in central cell and endosperm development and is 
first expressed in the central cell just prior to the fusion of the polar nuclei (Portereiko et al., 
2006) After fertilization, maternal expression of AGL80 can be detected in the endosperm 
nuclei until 3d after pollination. The interaction between AGL80 and DIA, and their co-
expression in the central cell, suggest that the AGL80-DIA heterodimer fulfils an important 
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role in central cell differentiation. Consequently, the phenotypes of the dia and agl80 mutants 
in the embryo sac are expected to be similar. Comparison of both phenotypes reveals 
however, that the agl80 phenotype appears less severe than the dia phenotype, although both 
mutants are impaired in central cell function. In contrast to dia mutants, a secondary nucleus 
is formed in agl80 embryo sacs, although both the size of the nucleolus and that of the 
vacuole are smaller than in wild type. Moreover, a zygote-like structure is present in agl80 
ovules after fertilization, indicating that fertilization and egg cell function are not affected 
(Portereiko et al., 2006). Highly fluorescent substances, indicating degeneration, were only 
observed directly after fertilization in agl80 ovules, while the embryo sacs remain intact until 
at least 42h after emasculation. The absence of a secondary nucleus and the premature 
initiation of degeneration in dia ovules may suggest that DIA has an additional function early 
in central cell formation that is independent of AGL80. Unlike AGL80, which is not expressed 
until the polar nuclei are immediately adjacent to one another (Portereiko et al., 2006), we 
observed DIA expression also in separated polar nuclei, indicating that DIA is expressed 
slightly earlier than AGL80.  Possibly, DIA interacts with other factors at this earlier stage, 
like AGL86 or non-MADS box proteins. Analysis of the AGL86 expression pattern in future 
experiments will elucidate this possibility.  
 The severe central cell phenotype of dia does not allow a reliable identification of 
downstream genes, since most central cell expressed genes are likely affected by the 
malformation of the central cell. Therefore, we can only speculate about the downstream 
genes that are regulated by the AGL80-DIA dimer. However, the absence of DEMETER 
(DME) and DD46 expression in agl80 mutants (Portereiko et al., 2006) suggests that the 
AGL80-DIA complex is directly or indirectly involved in the regulation of many genes. DME 
positively regulates MEA (Gehring et al., 2006), while MEA is involved in a complex with 
FIE, FIS2 and MSI1 to repress the expression of genes required for endosperm development, 
including PHE1 and PHE2. To obtain more information about the role of AGL80-DIA in the 
central cell network, additional studies, involving target gene identification, need to be 
performed.  
 The dimerization between DIA and the proteins PHE1 and PHE2 observed in yeast is 
remarkable, since no expression of PHE1 or PHE2 was detected in female gametophytes 
before fertilization (Köhler et al., 2005). On the contrary, PHE1 is expressed in pollen tubes 
and its expression in the embryo and endosperm after fertilization is predominantly derived 
from the paternal allele. The expression pattern of PHE2 was found to be similar to that of 
PHE1, although expression levels were about 8-fold lower (Köhler et al., 2003a). Because 
DIA and PHE1/PHE2 are differentially localized, it appears unlikely that dimerization occurs 
in planta. However, co-localization probably does happen very transiently, when the gametes 
are fusing, and it cannot be excluded that a DIA-PHE1 or DIA-PHE2 dimer plays a role in the 
fertilization process or shortly thereafter.  
 
Type I MADS box genes are involved in megagametogenesis and early seed development 
Functional analysis of MIKC-type MADS box genes revealed that they are predominantly 
involved in specifying identities of meristems, tissues and specific cells throughout the 
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lifecycle of a plant. In contrast, the type I genes seem to be more confined to a particular 
developmental process and clear homeotic functions have not been identified so far.  
 DIA is the first Mα-type gene to which a function has been assigned to date. From the 
61 type I genes in Arabidopsis, functional information has only been reported for the Mγ-type 
genes PHE1 (Köhler et al., 2003a) and AGL80 (Portereiko et al., 2006), which both play a role 
in megagametogenesis or early seed development.  
The functional importance of type I MADS box genes has been under debate since 
their discovery in 2000. This study proves, together with the functional information on AGL80 
and PHE1, that both Mα and Mγ type genes can play important roles in plants. Moreover, it 
suggests a role for type I genes in reproduction and, more specifically, in female gametophyte 
development. Expression studies of the type I MADS box genes in Arabidopsis revealed that 
the majority of the type I genes are very weakly expressed, although transcripts were detected 
in the inflorescences and siliques for most of the genes by RT-PCR (Köhler et al., 2003a; 
Pařenicová et al., 2003). In the study of Pařenicová et al. (2003), DIA expression was not 
detected, probably due to the very specific spatial and temporal expression of the gene. 
Similarly, other type I MADS box genes of which the expression was reported to be weak, 
may exhibit a very specific expression in the female gametophyte as well.    
A combinatorial role for both Mα and Mγ type MADS box genes in female 
gametophyte development would be consistent with the interaction data reported by De Folter 
et al. (2005). The interaction map of the Arabidopsis MADS box proteins revealed that Mα-
type MADS box proteins interact predominantly with Mγ-type proteins, whereas the 
occurrence of heterodimerization of proteins belonging to the same class is rare, suggesting 
that both types of genes are required for the formation of functional regulatory complexes. 
In conclusion, based on expression studies, mutant analysis, and protein-protein 
interaction studies, we hypothesize that the type I MADS box genes play important roles in 
female gametophyte and early seed development. Further studies are needed to confirm this 
hypothesis. 
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METHODS 
 
Growth conditions 
Plants were grown in the greenhouse with a 16hrs light/8 hrs dark cycle at 22 0C. Seeds 
resulting from floral dip transformation were sterilized for 1’ in 100% Ethanol, 5’ in 1% 
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bleach, washed 3 times in sterile water and germinated on ½ MS selective plates (2.2 g MS 
salts including Gamborg B5 vitamins, 0.5 g MES, 40 mg/l kanamycin). After 10 days 
incubation in a growth chamber (16hrs light/8 hrs dark, 22 0C), resistant plants were 
transferred to soil.   
 
Accession numbers 
The Arabidopsis Genome Initiative number for DIANA (AGL61) is At2g24840, the GenBank 
accession number is AC006585. 
 
Segregation analysis 
SALK_009008.51.65.x Plants were genotyped by PCR using the following primers: Lba1 (5’-
TGGTTCACGTAGTGGGCCATCG-3’), 61for (5’-AAGGCAAGCCGAGTAATTACAA-3’) 
and 61rev (5’-CGGCTCTGCGTTTGGAGAATGT-3’). GABI_642H10 plants were 
genotyped using primers pAC161for (5’-GATGAAATGGGTATCTGGGAATGG), GABI-
61for (5’-AAGGCAAGCCGAGTAATTACA-3’) and GABI-61rev (5’-CTTGGATGTCC-
GAATGAGAAAGG-3’). Segregation of the phenotype was tested by incubating the siliques 
o/n in 70% Ethanol and counting the number of developed seeds. 
For reciprocal cross analysis, dia-1/DIA (SALK_009008.51.65.x) plants were self pollinated 
or crossed with the wild type as outlined in table 1. Progeny genotype was tested with PCR; 
the phenotype by ethanol clearing of the siliques. The outcome of these crosses was 
statistically analyzed using the chi-square test. 
 
Expression analysis 
The pDIA:GFP/GUS and pDIA:DIA-GFP/GUS constructs were generated using the 
GatewayTM system (Invitrogen). For pDIA:GFP/GUS, a 1.9 kb promoter fragment was 
amplified from genomic DNA using primers pAGL61for (5’-
CACCAACCGATTTGACAAATGCCCGAAACCGA-3’) and pAGL61rev (5’-TTTTTGT-
ATGGAGGGTTTTAGTTGCTTTTCT-3’). A genomic fragment (2.5kb) containing the DIA 
open reading frame and upstream sequences was amplified with the primers pAGL61for and 
fusAGL61rev (5’-TGAAACAACCATTTCCATTGGCAAAATT-3’). Both fragments were 
cloned into the pENTR/D-TOPO vector and an LR reaction was performed to recombine the 
fragments in the binary vectors pKGWFS7 (pDIA) or pBGWFS7 (pDIA-DIA) (Karimi et al., 
2002). The resulting vectors were transformed into Agrobacterium tumefaciens using freeze-
thaw transformation (Chen et al., 1994). Transformation of Arabidopsis wild type Columbia 
plants or dia-1/DIA plants was performed using the floral dip method as described by Clough 
and Bent (1998). 
GUS activity was analyzed by staining various tissues o/n at 37 0C in staining solution (0,1% 
Triton X-100, 2mM Fe2+CN, 2mMFe3+CN, 1mM X-Gluc in 50 mM phosphate buffer, pH 7.0) 
For ovule staining, pistils were incised on both sides and incubated in staining solution for 2 
hrs till o/n. Ovules were cleared in 20% lactic acid / 20% glycerol and observed on a Zeiss 
Axiovert 135 microscope using DIC optics. 
For sectioning, pistils were fixed in 90% ice cold acetone, incubated on ice for 20’ and 
washed 2x in 50 mM phosphate buffer. Pistils were incised on both sides, stained in staining 
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solution for 4 hrs and fixed in FAA fixative (50 ml EtOH, 5 ml Acetic Acid, 10 ml 37% 
Formaldehyde, 35 ml H2O) for 2 hrs. The tissue was dehydrated in an ethanol series (50%, 
70%, 90%, 100%, 100%), 10’ each and slowly infiltrated with preparation solution A (100 ml 
Technovit 7100, 1 package Hardener I, 2.5 ml PEG 400) as follows: 1hr 1:3 solution A:100% 
EtOH; 1hr 1:1 solution A:100% EtOH; 1hr 3:1 solution A:100% EtOH; solution A overnight. 
The pistils were embedded in a mix of 15 ml preparation solution A and 1 ml Hardener II 
(Kulzer). 7 µm sections were cut, stained with 0.2% safranine and observed with light 
microscopy. 
For analysis of GFP expression, pistils were dissected on a microscope slide in 50 mM 
phosphate buffer (pH 7.0) and observed with CLSM using a Leica TCS-SP5 microscope. GFP 
was excited with an Argon laser (488 nm) and emission was detected between 500 and 530 
nm. 
For q-RT-PCR analysis of DIA expression, different tissues were harvested from Col-0 wild 
type Arabidopsis plants. RNA was extracted using the Qiagen RNeasy Plant mini kit and 
cDNA was synthesized with the iScriptTM cDNA synthesis kit (BioRad).  Real-time RT-PCR 
was performed with the iQTM SYBR® Green Supermix from BioRad using primers 
QAGL61for (5’-TGAATCTGTATTGGATCGCTACG-3’) and QAGL61rev (5’- 
CCCTTCTTCTTCTCTTCTTCTACC-3’) for AGL61 and Ath UBCfor (5’-
ATGCTTGGAGTCCTGCTTGG-3’) and Ath UBCrev (5’-TGCCATTGAATT-
GAACCCTCTC-3’)  for the reference gene UBC 21 (Czechowski et al., 2005). The following 
PCR program was used: 1’ 95 0C, 40 cycles (10” 95 0C, 45” 57 0C), 1’ 95 0C, 1’ 57 0C, 80 
repeats (10” 57 0C). Two biological and two technical replicates were performed. 
To test the reduction in DIA expression in the dia-1 allele, pistils of wild type and dia-1/DIA 
plants were emasculated and harvested 48 hrs later. RNA extraction and q-RT-PCR analysis 
was performed with the same protocol and primers as the DIA expression analysis. 
 
Yeast two-hybrid 
The yeast two-hybrid screening was performed as described by De Folter et al. (2005). 
 
Phenotypic analysis 
Wild type and dia-1/DIA pistils and siliques were harvested at different time points and fixed 
for 2 hrs in 2 % glutaraldehyde in 50 mM phosphate buffer (pH 7.2). The tissue was rinsed 3x 
with phosphate buffer and incubate 60’ in 1% OsO4. The tissue was dehydrated in an ethanol 
series (10% steps, 30’ each) until 100% ethanol was reached. Subsequently, the tissue was 
incubated in 100% propylene oxide (30’, 2x), 25% Spurr’s resin in propylene oxide (4 hr) and 
50% Spurr’s resin in propylene oxide (o/n). The vials were opened in the fume hood until the 
propylene oxide was evaporated and incubated in fresh 100% Spurr’s resin for 4-8 hrs. The 
tissue was embedded in flat embedding molds and polymerized o/n at 60 0C. 1 µm sections 
were cut, stained with toluidine blue and observed with light microscopy. 
CLSM analysis of wild type and dia-1/DIA  pistils and siliques was performed as described by 
Christensen et al. (1997).  
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Marker line analysis 
The different reporter lines were pollinated with dia-1/DIA pollen and the harvested seeds 
were sawn on soil. DIA/DIA plants were distinguished from dia-1/DIA plants by PCR. Pistils 
were dissected and incubated for 2-3 days in GUS staining buffer, containing 10mM EDTA, 
0,1% Triton X-100, 0.5 mM Fe2+CN, 0.5 mMFe3+CN, 2mg/ml X-Gluc and 0.1mg/ml 
chloramphenicol in 50 mM phosphate buffer, pH 7.0. Ovules were cleared in 20% lactic acid / 
20% glycerol and observed on a Zeiss Axiovert 135 microscope using DIC optics. 
For analysis of the EXO70 and RPS5A reporter lines, dia-1/DIA pistils were pollinated with 
the respective lines and the pistil was harvested 8h, 16h (EXO70) or 20h (RPS5A) after 
pollination. Staining was performed for 4 hrs (EXO70) until overnight (RPS5A). 
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ABSTRACT 
The group of type I MADS box genes in plants is functionally poorly understood, since only a 
few mutant phenotypes have been identified in the many Arabidopsis single T-DNA insertion 
lines that have been investigated. The numerous recent duplications in the type I lineage 
suggest that redundancy may be a common phenomenon, which can explain the lack of 
aberrant phenotypes in single insertion mutants. Here, we present the functional 
characterization of the Arabidopsis type I MADS box genes AGAMOUS-LIKE 29 and 
AGAMOUS-LIKE 91, which are highly homologous. The possibility that both genes function 
in a redundant manner was investigated by expression analysis and by the analysis of T-DNA 
insertion mutants. In addition, the expression pattern of AGAMOUS-LIKE 102, the closest 
homolog of the gene pair AGL29/AGL91, has been investigated. 
 
INTRODUCTION 
 
MADS box genes in plants can be subdivided into type I and MIKC-type genes (Alvarez-
Buylla et al., 2000b). The MIKC-type MADS box genes have been extensively studied and 
were found to be very important for plant development and especially for floral organ 
formation (Becker and Theissen, 2003; Ferrario et al., 2004). The type I MADS box genes 
(also referred to as M-type MADS box genes (Kofuji et al., 2003)) were discovered after the 
complete sequencing of the Arabidopsis genome and are still virtually unexplored. 
Phylogenetic analysis of the 61 type I genes in Arabidopsis revealed that they can be further 
subdivided into Mα, Mβ and Mγ subclasses, which are probably not monophyletic 
(Pařenicová et al., 2003). Despite the presumed polyphyletic origin of the type I genes, several 
characteristics are shared by the three subclasses. In contrast to the MIKC-type genes, the 
majority of the type I genes contains no introns (De Bodt et al., 2003b), is weakly expressed 
(Kofuji et al., 2003; Pařenicová et al., 2003) and was duplicated after the divergence of 
monocots and dicots (De Bodt et al., 2003b).  
 The study of type I MADS box genes in Arabidopsis resulted in the functional 
characterization of three genes: the Mγ-type genes AGL37 (PHERES1; Köhler et al., 2003) 
and AGL80 (Portereiko et al., 2006) and the Mα-type AGL61 (DIANA; see Chapter 5). Both 
AGL80 and AGL61 revealed to be essential for female gametophyte functioning and play a 
major role in the maturation of the central cell. phe1 mutants do not show an aberrant 
phenotype, but reduced expression levels of PHE1 in medea seed development mutants 
restored partially the mutant phenotype, indicating that PHE1 repression plays a role in early 
seed development (Köhler et al., 2003a).    
 The functions of the remaining 58 type I MADS box genes in Arabidopsis remain to 
be elucidated, although many single T-DNA insertion mutants have been investigated. The 
lack of phenotypes in single mutants may be explained by the high redundancy that is found 
in the MADS box family. For example, the Arabidopsis MIKC-type proteins SEP1, SEP2, 
SEP3 and SEP4 redundantly execute the E-function in the development of the floral organs 
(Alvarez-Buylla et al., 2000a; Ditta et al., 2004) and SHP1, SHP2 and STK are redundantly 
involved in the formation of the ovules (D-function) (Favaro et al., 2003). The recent 
____________________________________Characterization of AGL29 and AGL91 in Arabidopsis 
 
101 
duplications in the type I lineages suggest that redundancy may be even more common among 
type I genes than among MIKC-type genes.  
 The abundance and conservation of the Mα- and Mγ-type MADS box genes from 
various angiosperm species have been investigated by phylogenetic analyses in Chapter 2 
(Chapter 2, Figures 8 and 9). This analysis revealed that the majority of the Arabidopsis type I 
genes has been recently duplicated, resulting in a high number of paralogous genes that may 
function in a redundant manner. Both the Mα and the Mγ phylogenetic trees contain one clade 
that consists exclusively of highly homologous Arabidopsis genes, indicating that it may be 
necessary to generate an octuple or even decuple mutant to overcome the redundancy and 
observe a phenotype. However, the phylogenetic trees also revealed mixed clades where 
Arabidopsis genes are present together with putative orthologous genes from other species. 
These clades can be predominantly found in the Mα-type tree and contain typically two to 
four Arabidopsis genes that may function in a redundant manner. The generation of double to 
quadruple mutants to investigate the functions of these genes is feasible and may result in the 
elucidation of type I functions.  
 In this study, we investigated the Arabidopsis Mα-type genes AGAMOUS-LIKE 29 
(AGL29) and AGAMOUS-LIKE 91 (AGL91), which are present on chromosomes 2 and 3, 
respectively. AGL29 and AGL91 group in the phylogenetic tree of the Mα-type genes together 
with genes from oilseed rape, Medicago, poplar and cotton and with the Arabidopsis gene 
AGL102. To investigate the function of both genes, we analyzed single T-DNA insertion 
mutants as well as an agl29 agl91 double mutant. In addition, the expression patterns of 
AGL29, AGL91 and AGL102 were determined to obtain more information about possible 
redundancy of the genes. 
 
RESULTS  
 
AGL29 and AGL91 gene structure and phylogeny 
The type I MADS box genes AGL29 and AGL91 are members of the Mα-subclass that 
contains 25 genes in the Arabidopsis genome (Pařenicová et al., 2003). A phylogenetic tree of 
the Mα-subclass proteins (Chapter 2, Figure 9) shows that AGL29 and AGL91 are highly 
homologous and group together in one clade with Mα-type proteins from cotton, Medicago, 
poplar and oilseed rape, and with the Arabidopsis member AGL102 (Figure 1B). Although 
AGL102 is found in the same clade as AGL29 and AGL91 in our NJ analysis (Chapter 2), 
other phylogenetic analyses reveal a different topology for AGL102 (Pařenicová et al., 2003, 
De Bodt et al., 2003). The ambiguous position of AGL102 in the AGL29/AGL91 clade is 
illustrated by the low bootstrap value computed for the node that places AGL102 in this clade. 
The alignment in Figure 1A shows that the homology between AGL102 and the protein pair 
AGL29/AGL91 is moderate, showing an amino acid identity of 32%/33% and a similarity of 
54%/51%. The presence of highly similar genes from various other species in the same clade 
indicates conservation of the AGL29/AGL91 sequence and suggests that the genes are 
important for Arabidopsis functioning.  
AGL29 and AGL91 are typical members of the type I MADS box family, because the 
proteins are small, 172 and 178 amino acids, respectively, and are encoded by a single exon. 
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Figure 1. Homology between AGL29, AGL91 and AGL102. 
A. ClustalW alignment of AGL29, AGL91 and AGL102 adjusted in BioEdit. Black shading indicates identity; 
grey shading indicates similarity. Threshold for shading is 60%. 
B. Clade from the Mα-type NJ tree (Chapter 2, figure 9) representing AGL29, AGL91, AGL102 and close 
homologs from other angiosperm species. The numbers at the nodes indicate bootstrap values.  
Both proteins contain the α-type motif of 10 residues that can be recognized directly 
downstream of the MADS box in all Arabidopsis Mα-type proteins (De Bodt et al., 2003b). 
Unexpectedly, analysis of the protein sequence in PSORT (http://psort.nibb.ac.jp/form.html) 
revealed that both proteins are predicted to be localized in the cytoplasm, which is 
incompatible with their putative role as transcription factors.  
 
Expression patterns of AGL29, AGL91 and AGL102 
The high homology between AGL29 and AGL91 suggests that both genes may function in a 
redundant manner. However, proteins are only able to fulfil the same functions if they are 
expressed in the same tissues. To investigate if the AGL29 and AGL91 transcripts are co-
localized, we analyzed their expression patterns. In addition, the expression pattern of 
AGL102 was investigated as well, to exclude the possibility that the gene can function in a 
Figure 2. Genevestigator expression profiles of AGL29 and AGL91. Relative expression is indicated by shaded 
blocks: black indicates a high relative expression; white a low relative expression. 
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redundant manner with AGL29 and AGL91. For a quick scan, expression data of the three 
genes were subtracted from the genevestigator database (https://www.genevestigator.ethz.ch) 
and compared (Figure 2). Both AGL29 and AGL91 revealed to be predominantly expressed in 
the stamen and pollen and hardly in any other tissue. However, considerably less records of 
AGL91 expression were found in the datasets, suggesting that AGL91 is weaker expressed 
than AGL29. The expression data for AGL29 were confirmed by Verelst et al. (2007), who 
found high expression levels in pollen. The genevestigator database lacks any records of 
AGL102 expression, indicating that this gene is hardly expressed or that AGL102 expression is 
very specific. 
 To determine the spatial and temporal expression pattern of AGL29 in more detail, 
transgenic Arabidopsis plants containing a transcriptional fusion pAGL29::GFP-GUS or a 
Figure 3. Expression of AGL29 and AGL102. 
A. GUS staining in pollen of plants transformed with pAGL29::GFP-GUS. B. GFP signal in stage FG7 ovules 
(Christensen et al., 1997) of plants transformed with pAGL29::GFP-GUS. C. GUS signal in stage FG7 ovules 
of plants transformed with pAGL29::AGL29:GFP-GUS. D. GUS signal in developing seeds 12 hours after 
pollination (hap) of plants transformed with pAGL29::AGL29:GFP-GUS. E. GFP signal in developing seeds 
60 hap of plants transformed with pAGL29::GFP-GUS. F. GUS-staining in developing seeds approximately 80 
hap of plants transformed with pAGL102::GFP-GUS. cc = central cell, en = endosperm nuclei, z = zygote, ce 
= chalazal endosperm. 
CHAPTER 6_______________________________________________________________________ 
104 
reporter fusion construct with the entire open reading frame (pAGL29::AGL29:GFP-GUS)  
were analyzed (Figure 3A-E). In accordance with the genevestigator expression profile, 
AGL29 expression was found in pollen (Figure 3A). However, in addition, GFP and GUS 
signals were also observed in the central cell of the embryo sac and after fertilization in the 
developing endosperm. The Arabidopsis lines transformed with the pAGL29::GFP-GUS 
construct generally showed a high expression of GFP and GUS in the central cell in the final 
stage of embryo sac development (Figure 3B). Although the GFP signal was mostly restricted 
to the central cell, a few ovules showed expression in other cell types of the embryo sac as 
well. This extended expression was more often found in GUS-stained ovules, even if the 
ovules were fixed in acetone before staining. This may indicate that, although AGL29 is 
mainly expressed in the central cell, weak expression in other embryo sac cell types may 
occur as well. Expression of AGL29 was not observed at earlier stages of embryo sac 
development. After fertilization, GFP-signal could be detected in the endosperm until at least 
the globular-embryo stage (Figure 3E). Later stages were not analyzed in this study  
 Plants transformed with a pAGL29::AGL29:GFP-GUS construct showed a weaker, but 
more specific localization of the AGL29 protein. The PSORT-analysis of AGL29 predicted a 
cytoplasmic localization of the protein, but figures 3C and 3D show a high concentration of 
GUS signal in the secondary nucleus and the endosperm nuclei, although considerable 
staining of the cytoplasm was observed as well. These results show that the fusion protein is 
capable of migrating to the nucleus, although the transport appears to be inefficient. 
Consistent with the GFP/GUS expression in plants transformed with pAGL29::GFP-GUS, 
plants transformed with the protein fusion construct showed GUS expression in the central 
cell in the final stage of embryo sac development and in the endosperm shortly after 
fertilization. Figure 3D also shows a faint staining of the zygote, but the signal is not located 
to the nucleus. We failed to detect GUS signal in developing seeds at later stages in contrast to 
developing seeds transformed with the promoter-reporter pAGL29::GFP:GUS construct, 
possibly due to the weaker expression of the protein fusion construct.  
 To test if AGL102 is indeed hardly expressed or if the gene has a very specific 
expression pattern, Arabidopsis plants were transformed with a pAGL102::GFP-GUS reporter 
construct. Various tissues were stained for GUS-activity, but GUS signal was only detected in 
the chalazal endosperm of developing seeds 2-5 days after pollination (Figure 3F). Prolonged 
staining resulted in the extension of the GUS signal to the rest of the endosperm (data not 
shown). Thus, the spatial and temporal expression of AGL102 differs from AGL29, but both 
genes are probably co-expressed in the endosperm of developing seeds. Therefore, we cannot 
exclude that the genes function in a redundant manner in seed development.  
 
Analysis of AGL29 and AGL91 T-DNA insertion lines 
To investigate the functions of AGL29 and AGL91, T-DNA insertion lines were identified for 
both genes in the Salk Institute Genomic Analysis Laboratory collection (Alonso et al., 2003). 
Figure 4 shows the position of the T-DNA insertions in AGL29 and AGL91. The T-DNA in 
line SALK_067236.35.85 (agl29) is inserted at the 3’ end of the gene, 456 bp downstream of 
the start codon and only 60 bp upstream of the stop codon. This position does not ensure 
disruption of protein function, since it is possible that the truncated AGL29 protein can still 
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fulfil its function. However, generally, the transcript of a gene is instable when a T-DNA 
insertion is present, resulting in a loss-of-function mutant. In SALK line 042875.50.90 
(agl91), the T-DNA is inserted more to the 5’ end of the gene in the MADS box region, 142 
bp downstream of the ATG and 374 bp upstream of the stop codon, suggesting that the agl91 
allele is most likely a null-allele.  
 
The agl29 mutant has a wild type phenotype 
To investigate the phenotype of the agl29 mutant, a segregating F3 generation from line 
SALK _067236.35.85 was genotyped and subsequently analyzed. The T-DNA insertion lines 
are maintained at the SALK institute by selfing the offspring of the original line, usually 
resulting in a loss-of-heterozygosity. Genotyping the F3 of SALK _067236.35.85 by PCR 
analysis using gene-specific and T-DNA specific primers revealed indeed that very few 
heterozygous plants were present, while the number of wild type and homozygous mutant 
plants was identical (Table 1A).  The equal occurrence of the wild type and the mutant allele 
shows that the agl29 allele is fully transmitted to the offspring and is thus not affecting 
gametophyte or embryo survival. A further comparison between the homozygous mutant 
plants and the wild type plants revealed no differences in phenotype, indicating that the agl29 
single mutant functions normally.  
 
 
 AGL29/AGL29 agl29/AGL29 agl29/agl29 
Primary seed batch 
(Segregating F3) 
13 3 13 
 
 AGL91/AGL91 agl91/AGL91 agl91/agl91 
Primary seed batch 
(segregating F3) 
14 4 12 
A 
Table 1. Segregation analysis of the AGL29 and AGL91 T-DNA insertion lines 
B 
Figure 4. Position of the T-DNA insertion in the agl29 and agl91 alleles. 
(A) AGL29 gene structure illustrating the position of the T-DNA in line SALK_067236.35.85. The T-DNA 
is inserted 456 nucleotides downstream of the ATG. 
(B) AGL91 gene structure illustrating the position of the T-DNA in line SALK_042875.50.90. The T-DNA 
is inserted 142 nucleotides downstream of the ATG. 
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Offspring self cross 
agl91/AGL91 
9 22 8 
 
 
 
 
 
 
 
 
 
The aberrant phenotype in SALK_042875.50.90 is not linked to the agl91 allele 
Offspring from the AGL91 T-DNA insertion line SALK_042875.50.90 was analyzed in a 
similar way as the AGL29 insertion line. In contrast to the agl29 mutants, plants from the 
primary seed batch of SALK_042875.50.90 exhibited defects in silique formation and seed 
set. Some plants never formed siliques, while other plants contained siliques in which seed set 
was reduced to 75-50%. Genotyping of this F3 generation revealed that the number of 
heterozygous plants was very low due to a loss-of-heterozygosity (Table 1B). However, 
despite the aberrant phenotypes, the numbers of wild type and homozygous mutant plants 
were almost equal, suggesting that the transmission of the agl91 mutant allele was not 
affected. In addition, the aberrant phenotypes appeared to be unlinked with the presence of the 
agl91 allele, since several plants with a wild type genotype showed a mutant phenotype and 
vice versa.  
 To confirm the unlinked status of the aberrant phenotype in line SALK_042875.50.90, 
the offspring of a heterozygous agl91/AGL91 plant with reduced seed set was analyzed. The 
segregation of the genotype (Table 1B) was not significantly different from the expected 1:2:1 
ratio, confirming the full transmission of the agl91 allele. Phenotypic analysis of the offspring 
exhibited different phenotypes, ranging from wild type to reduced seed set or even absence of 
silique formation. However, consistent with the initial analysis, no linkage was found between 
the occurrence of the agl91 allele and the mutant phenotype.  
 
Analysis of the agl29 agl91 double mutant  
To test if the absence of mutant phenotypes in the agl29 and agl91 single mutants is caused by 
redundancy between AGL29 and AGL91, we generated agl29/AGL29 agl91/AGL91 double 
mutants, selfed the plants and analyzed the offspring. Unfortunately, the reduced seed set 
phenotype from SALK line 042875.50.90 appeared also in the double mutant, making it 
difficult to analyze the phenotypes. The segregation of the agl29 and agl91 allele in the 
offspring of the double mutants was determined by PCR (Table 1C). Both the segregation of 
agl29 and agl91 were not significantly different from the expected 1:2:1 ratio using the 
significance threshold p < 0.05, although the segregation of agl29 deviated considerably from 
the expected segregation (p = 0.068). This aberrant segregation appeared to proceed from the 
abnormal high number of heterozygous plants, which cannot be explained by a reduced 
transmission of the agl29 allele, suggesting that the abnormal segregation is based on 
 AGL29/AGL29 agl29/AGL29 agl29/agl29 
Offspring self cross 
agl29/AGL29 agl91/AGL91
6 25 5 
 AGL91/AGL91 agl91/AGL91 agl91/agl91 
Offspring self cross 
agl29/AGL29 agl91/AGL91 9 15 13 
C 
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coincidence. Integration of the data from the two PCRs revealed that out of 35 tested plants, 
two plants were homozygous mutant for both agl29 and agl91 (data not shown). Although the 
number of tested offspring plants is low, the identification of two homozygous double mutants 
fits the expected 1/16 ratio, indicating that the transmission of the mutant alleles is not 
reduced in the double mutant. Furthermore, phenotypic analysis of the offspring plants did not 
bring forward any aberrant phenotypes that were linked to the presence of the mutant alleles. 
Although approximately 50% of the offspring showed reduced seed set or completely lacked 
silique formation, the two identified homozygous double mutants both exhibited a wild type 
phenotype. Thus, it appears that the agl29agl91 double mutant functions normally.   
 
AGL29 is downregulated, but not completely silenced in agl29 mutants 
The position of the T-DNA insertion in line SALK_067236.35.85 at the 3’ end of the AGL29 
coding sequence does not ensure complete silencing of the gene, leaving the possibility that 
AGL29 is still expressed to a certain extent in the agl29 mutants. This could possibly explain 
the lack of a mutant phenotype in the agl29 mutants. To test the level of AGL29 expression in 
the agl29 homozygous mutants, quantitative RT-PCR experiments were performed. Figure 5 
shows the relative expression of AGL29 in wild type and agl29 pistils and stamens. In both 
tissues, the expression of AGL29 in the mutant reveals to be strongly downregulated, but not 
completely silenced. In mutant pistils, AGL29 is still expressed at 16% of the wild type level, 
whereas the transcript level in mutant stamens is only reduced to 38% of the wild type 
transcript level. Thus AGL29 expression is reduced, but not completely silenced in the agl29 
homozygous mutants. 
 
Figure 5. Relative expression of AGL29 in wild type and agl29 mutants. Pistils and stamens 
were harvested from stage 10-12 flowers. The error bars indicate SD. 
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DISCUSSION 
 
AGL29 is expressed in the male and female gametophyte 
Analysis of the AGL29 expression pattern revealed that the gene is expressed in both the male 
and the female gametophyte. In the male gametophyte, expression was only found in mature 
pollen grains, in accordance with the records of AGL29 transcript in the genevestigator micro-
array database. GUS-staining of pollen was observed in plants transformed with the 
pAGL29::GFP-GUS construct and in plants transformed with pAGL29::AGL29:GFP-GUS and 
appeared to be cytoplasmic in both cases.  
In the female gametophyte, AGL29 is predominantly expressed in the central cell in 
the final stage of embryo sac development. In addition, AGL29 expression was detected after 
fertilization in the developing endosperm. In contrast to the analysis of the male gametophyte, 
differences were observed between the pAGL29::GFP-GUS construct and the protein fusion 
construct in the ovule. First, the fusion protein is predominantly present in the secondary 
nucleus in plants transformed with pAGL29::AGL29:GFP-GUS, although a considerable part 
of the signal is still visible in the cytoplasm. Secondly, expression of the fusion protein 
appeared to be much weaker than the expression of GUS under control of the AGL29 
promoter alone and GUS signal was only observed after several days of staining. Apparently, 
the AGL29 fusion protein is less stable then the GFP-GUS fusion protein, although we can 
not exclude that we failed to identify high AGL29 expressors due to the limited number of 
transformants obtained.  
The localization of AGL29 is not consistent with the PSORT-analysis, which predicted 
a cytoplasmatic localization. However, the nuclear localization is not surprising, because 
AGL29 belongs to a transcription factor family and is thus expected to function in the 
nucleus. Other type I MADS box proteins, like AGL61 (Chapter 5) and AGL80 (Portereiko et 
al., 2006) revealed to be completely localized in the nucleus consistent with their role as 
transcription factors. The inefficient transport of AGL29 to the nucleus may indicate that 
heterodimerization, often necessary for efficient transport of a MADS box protein to the 
nucleus (De Folter et al., 2005), does not occur sufficiently. This hypothesis is supported by 
the fact that De Folter et al. (2005) did not find any interaction between AGL29 and the other 
Arabidopsis MADS box proteins.  
 The Mα- and Mγ-type MADS box genes that have been characterized so far, all 
appeared to have a function in the female gametophyte or in the developing seed shortly after 
fertilization. The expression of AGL29 in the central cell and developing endosperm is again 
an indication that type I MADS box genes were predominantly recruited to fulfil a function in 
megagametogenesis or early seed development.  
 
AGL29 and AGL91 may function in a redundant manner 
The genevestigator patterns for AGL29 and AGL91 are highly similar, although the lower 
number of records for AGL91 in the database suggests that the gene is weaker expressed. In 
addition to the expression data provided by genevestigator, AGL29 revealed to be expressed in 
the female gametophyte and the developing seed as well. Whether AGL91 is also expressed in 
those tissues is still unclear, because we did not raise plants expressing GUS or GFP under 
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control of the AGL91 promoter. However, the high sequence similarity between AGL29 and 
AGL91 and the concurrent expression in stamens and pollen suggest that AGL91 may be 
acting in the female gametophyte and developing seed as well. Thus, it is possible that AGL29 
and AGL91 function in a redundant manner in both the male and female gametophytes and in 
the developing seed. Our expression analysis showed that the more distantly related gene 
AGL102 is predominantly expressed in the chalazal endosperm and not in the male or female 
gametophyte. Although the homology between AGL29 and AGL102 is not very high and the 
expression patterns are only overlapping in the endosperm, it cannot be excluded that both 
genes, possibly together with AGL91, function in a redundant manner in seed development.  
Phenotypic and segregation analysis of the agl29 and agl91 T-DNA insertion mutants 
and the agl29 agl91 double mutant did not reveal any aberrant phenotype that was linked to 
the presence of one of the mutant alleles. Apparently, silencing of both genes does not affect 
plant morphology or functioning, suggesting that other genes are able to fulfil the same 
functions or that AGL29 and AGL91 are evolving into pseudogenes. The inefficient transport 
of AGL29 to the nucleus can be an indication for the latter process. It is also possible 
however, that AGL29 and AGL91 do fulfil a function in Arabidopsis, but that this function 
was not identified in this study, because of the incomplete silencing of the AGL29 in the agl29 
homozygous mutant. The expression levels of AGL29 in the mutant revealed to be reduced to 
16% to 38% of the wild type levels, which may still be sufficient to rescue the mutant 
phenotype. In that case, a phenotype will only be observed if a complete knock-out of AGL29 
is analyzed. Alternatively, both genes may play a subtle role in for example endosperm 
development, which becomes only apparent under certain environmental conditions. In such a 
case, reduced fitness of the mutant seeds will not be visible under standard laboratory 
conditions and more detailed analyses are required to determine the more subtle roles of 
AGL29 and AGL91 in female gametophyte or seed development. 
 
MATERIALS AND METHODS 
 
Growth conditions 
Arabidopsis thaliana lines SALK_067236.35.85.x (AGL29), SALK_042875.50.90.x (AGL91) 
and wild type Columbia plants were grown in the greenhouse with a 16hrs light/8 hrs dark 
cycle at 22 0C. Seeds resulting from floral dip transformation were sterilized 1’ in 100% 
Ethanol, 5’ in 1% bleach, washed 3 times in sterile water and germinated on ½ MS selective 
plates (2.2 g MS salts including Gamborg B5 vitamins, 0.5 g MES, 30 mg/l kanamycin). After 
10 days incubation in a growth chamber (16hrs light/8 hrs dark, 22 0C), resistant plants were 
transferred to soil.   
 
Accession numbers 
The Arabidopsis Genome Initiative numbers for AGL29, AGL91 and AGL102 are At2g34440, 
At3g66656 and AT1G47760, respectively. The GenBank accession numbers are AB094117, 
DQ056634 and AY141241. 
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Expression analysis 
pAGL29::GFP-GUS, pAGL29::AGL29-GFP-GUS and pAGL102::GFP-GUS constructs were 
generated using the GatewayTM system (Invitrogen). The fragments of interest were amplified 
from genomic DNA and cloned into the pENTR/D-TOPO vector. The following primer 
combinations were used: 
 
Construct Primer Sequence Product 
pAGL29for 5’-CACCTGCAAGAACATACTTAGACCTAATTC-3’ pAGL29::GFP-
GUS pAGL29rev 5’-TTGTTTGCTAAAACGGTACGAATAAG-3’ 
1180bp 
pAGL29for 5’-CACCTGCAAGAACATACTTAGACCTAATTC-3’ 1697bp pAGL29::CDS-
GFP-GUS fusAGL29rev 5’-TTTTTCTGGAGAGAAGCATGAGGCA-3’  
pAGL102for 5’-CACCATCAGTTTCCACACCAGTTTCATC-3’ pAGL102::GFP-
GUS pAGL102rev 5’-TTCTTAGTTTTAGAGAGATGTTTTTGT-3’ 
1959bp 
 
An LR reaction was performed to recombine the fragment in the binary vector pKGWFS7 
(Karimi et al., 2002). The resulting vector was transformed into Agrobacterium tumefaciens 
using freeze-thaw transformation (Chen et al., 1994). Transformation of Arabidopsis wild 
type Columbia plants was performed using the floral dip method as described by Clough and 
Bent (1998).  
GUS activity was analyzed by staining various tissues o/n or up to 3 days at 37 0C in staining 
buffer (20mM EDTA, 0,4% Triton X-100, 2mM Fe2+CN, 2mMFe3+CN, 100 µg/ml 
Chloramphenicol, 1mM X-Gluc in 50 mM phosphate buffer, pH 7.0) For ovule staining, 
pistils were incised on both sides. The tissue was cleared in 20% lactic acid / 20% glycerol 
and observed on a Zeiss Axiovert 135 microscope using DIC optics. 
For analysis of GFP expression, pistils were dissected on a microscope slide in 50 mM 
phosphate buffer (pH 7.0) and observed with CLSM using a Leica TCS-SP microscope. GFP 
was excited with an argon laser (488 nm) and emission was detected between 500 and 530 
nm. 
 
Segregation analysis 
Plants were genotyped by PCR using the following primer combinations: 
 
Construct Primer Sequence Product 
SALK_067236 LBpROKfor 5’- GAACAACACTCAACCCTATCTCG -3’ 
AGL29rev2 5’-GTAACTCTAACAAGTCGGTCTAGC-3’  
AGL29for 5’-GATGATTCAGACAGTGGCGATGA -3’ 
Wild type: 
323 bp 
Mutant: 
508 bp 
SALK_042875 LBpROKfor 5’- GAACAACACTCAACCCTATCTCG -3’ 
AGL91for 5’- AGATGGAGAAAGTGCAAGACAC -3’  
AGL91rev2 5’-TCTTCTCCTGTCTAGCTCTATTGC-3’ 
Wild type: 
272 bp 
Mutant: 
397 bp 
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Analysis of AGL29 transcript levels in agl29agl29 
To test the level of AGL29 silencing in agl29agl29 plants, a quantitative RT-PCR experiment 
was performed with cDNA from whole flowers, pistils and stamens.  RNA was extracted 
using the Qiagen RNeasy Plant mini kit and cDNA was synthesized with the iScriptTM cDNA 
synthesis kit (BioRad).  Real-time RT-PCR was performed with the iQTM SYBR® Green 
Supermix from BioRad using primers QAGL29for (5’- AAGAAGGCGAGCGAGTTAGC-3’) 
and QAGL29rev (5’- CCCGTAGGAGAA-AGGCTTGC-3’) for AGL29 and Ath UBCfor (5’-
ATGCTTGGAGTCCTGCTTGG-3’) and Ath UBCrev (5’-TGCCATTGAATT-
GAACCCTCTC-3’) for the reference gene UBC 21 (Czechowski et al., 2005). The following 
PCR program was used: 1’ 95 0C, 40 cycles (10” 95 0C, 45” 57 0C), 1’ 95 0C, 1’ 57 0C, 80 
repeats (10” 57 0C). Two biological and two technical replicates were performed. 
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The functional importance of the type I MADS box genes in plants has been under debate 
since their discovery seven years ago. Although the type I genes revealed to outnumber the 
MIKC-type genes in the Arabidopsis genome, forward genetic studies had never yielded any 
mutant type I phenotype. Moreover, type I genes were found to be poorly conserved and 
weakly expressed. 
Phylogenetic and functional studies described in this thesis, and executed by several 
other research groups, have recently increased the knowledge of the MADS box type I 
subfamily in plants, and provided more insight into its evolutionary history and functional 
importance. This chapter discusses the progress achieved in understanding the type I MADS 
box genes in angiosperms. 
 
Functional importance of type I MADS box genes 
The functional characterization of the Mγ-type gene AGAMOUS-LIKE 80 (Portereiko et al., 
2006) and the Mα-type gene DIANA (Chapter 5) in Arabidopsis proves that both subclasses of 
type I MADS box genes contain important players in embryo sac development. Both mutants 
exhibit female gametophytic lethality and fail to initiate endosperm after fertilization. In 
addition, dia ovules exhibit aberrant embryo sac morphology upon maturation and a zygote is 
never formed. Besides a role in megagametogenesis, several type I genes are also associated 
with post-fertilization development of the embryo and endosperm. The Mγ-type gene 
PHERES1 (Köhler et al., 2003a) is paternally expressed during embryo and endosperm 
development and is a direct target of the Polycomb group protein MEDEA. Although the phe1 
mutant did not show a mutant phenotype, reduced expression levels of PHE1 in medea seeds 
restored partially the mutant phenotype, indicating a role of PHE1 repression in seed 
development. Other type I genes involved in seed development have not been characterized 
yet, but the expression of AGL80 and AGL29 in early endosperm (Portereiko et al., 2006; 
Chapter 6) and the expression of AGL102 in the chalazal endosperm (Chapter 6) suggests that 
both Mα and Mγ class genes play a role in seed development as well. 
 The elucidation of the function of some MADS box type I transcription factors rejects 
the hypotheses that all type I MADS box genes are pseudogenes or form a family of 
retrotransposons (De Bodt et al., 2003a). In contrast, type I factors reveal to be very important 
for angiosperm reproduction. However, where mutations in MIKC-type genes often yield 
dramatic homeotic phenotypes, the aberrant phenotypes caused by mutations in type I genes 
are hardly visible to the naked eye. These findings support the hypothesis that type I functions 
are more subtle and are thus easier overlooked. Moreover, it also sheds a different light on the 
weak expression patterns that have been reported for most type I genes. Consistent with their 
functions, several Mα and Mγ class genes appear to be specifically expressed in only a few 
cells, but in the cell types where expression is detected, the transcripts are often abundant, as 
has been shown for AGL61, AGL80 and AGL102 (Chapter 5; Chapter 6; Portereiko et al., 
2006).  
 The elucidation of several type I functions in the embryo sac and developing seed has 
provided a key for the functional characterization of other members of the type I subfamily. 
Thorough analysis of both tissues in type I mutants will probably result in the identification of 
more aberrant phenotypes. However, the characterization of the agl29 and agl91 mutants in 
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Chapter 6 shows that a better focus alone is not sufficient to increase the knowledge on the 
functional role of type I MADS box genes. Another important factor in unraveling the type I 
gene functions is the putative high redundancy amongst the genes as described in Chapters 2, 
3 and 4. 
 
Type I MADS box genes have been duplicated repeatedly 
The MIKC-type and type I MADS box subfamilies both extended considerably in plant 
evolution, but the modes of evolution are different. While the MIKC-type genes were 
predominantly duplicated during two whole genome duplications early in angiosperm 
evolution, the extension of the type I subfamily occurred predominantly after the divergence 
of monocots and dicots via small-scale events (De Bodt et al., 2003; Nam et al., 2004; Chapter 
2). The phylogenetic trees of the angiosperm Mα and Mγ class genes in Chapter 2 show that 
the majority of the type I duplications has been lineage-specific, which resulted in a high 
number of paralogous genes. This observation is also confirmed by the isolation of many 
highly homologous Mγ-type genes from the petunia genome, described in Chapters 2 and 3.  
 The fate of these paralogous genes is among others dependent on their mode of 
duplication, which is explained by the gene balance hypothesis (Maere et al., 2005). This 
hypothesis is based on the fact that transcription factors function in protein complexes and 
proposes that the retention of transcription factors after entire genome duplication will be 
relatively high, because the dosage of all proteins acting in a certain complex will be 
increased. In contrast, transcription factors that were duplicated during small-scale duplication 
events are generally lost, because the duplication of only one of the interaction partners 
disturbs the dosage balance. Thus, the majority of the type I genes duplicated via small-scale 
duplications is expected to become silenced, either through deleterious mutations in the 
coding region or through changes in the regulatory region. Chapter 3 describes the fate of 
recently duplicated Mγ-type genes from petunia and shows that the majority is indeed 
developing into pseudogenes, confirming the hypothesis of Maere et al. (2005). Similarly, a 
considerable number of the paralogous Arabidopsis genes may be subjected to 
nonfunctionalization. Detailed expression analysis appears to be a useful tool to discriminate 
between functional and nonfunctional paralogs and may contribute to a better insight into the 
functionality of type I MADS box genes in various species. 
  The numerous duplications in the type I subfamily resulted in a high number of genes 
that were either subjected to neofunctionalization, subfunctionalization or nonfuctionalization. 
Early in angiosperm evolution, neofunctionalization probably resulted in the recruitment of 
type I MADS box genes for the development of the central cell and the endosperm (Chapters 
4, 5 and 6). In addition, more recent neofunctionalization events probably occurred only in 
certain angiosperm lineages, yielding genes with a function outside the embryosac or 
developing seed. Evidence for this was provided by the analysis of OsMADS51 in rice, which 
revealed to play a role in the promotion of flowering under SD conditions (Kim et al., 2007), 
and the study of AGAMOUS-LIKE 28, which was found to promote flowering within the 
autonomous pathway in Arabidopsis (Yoo et al., 2006). Extended research in different species 
will putatively reveal more novel functions specific for certain lineages. However, the 
majority of the type I duplicates was most likely subjected to either subfunctionalization or 
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nonfunctionalization, which hampers the functional analysis of the genes. Similar to MIKC-
type genes, redundancy appears to be common among type I genes and functions are often 
carried out by more than two genes (Chapters 4 and 6). To tackle these problems in the 
functional analysis, it is important to investigate the expression patterns of the genes 
thoroughly for an early recognition of possible redundantly acting genes or pseudogenes. In 
addition, transgenic approaches that target a number of highly homologous genes together 
may be preferable over the analysis of insertion mutants. 
 
Type I MADS box genes: the missing link in angiosperm evolution? 
Angiosperms form the largest group of terrestrial plants with over 250,000 species. The 
ecological dominance of the angiosperms over the gymnosperms, ferns and mosses is the 
result of three unique events: the evolution of the carpel, the evolution of the flower and the 
emergence of double fertilization. Both the evolution of the carpel and the flower revealed to 
be mainly enabled by the recruitment of MIKC-type MADS box genes (Becker et al., 2000; 
Ferrario et al., 2004). However, the evolutionary origin of double fertilization and subsequent 
endosperm development is still puzzling. The recent discovery that type I MADS box genes 
play important roles in both processes suggests that they have been essential for angiosperm 
evolution as well. 
 Seeds from gymnosperms do contain a nourishing tissue, but this develops prior to 
fertilization and forms the female gametophyte. When the female gametophyte matures, one 
to five archegonia are formed, each containing one egg cell. After fertilization, the embryos 
are nourished by the large female gametophyte (Baroux et al., 2002). The development of 
endosperm after double fertilization is a specific feature of the angiosperms, which involves 
the differentiation of a central cell and specific guidance of the male gametes. Several 
transcription factors have been reported to play a role in endosperm development, like the 
Polycomb-group genes FIS, FIE and MEDEA (Ohad et al., 1996; Chaudhury et al., 1997; 
Grossniklaus et al., 1998), but until recently, no transcription factors had been found to 
regulate central cell specification and double fertilization. The elucidation of the functions of 
AGL80 and DIA revealed two important players in the double fertilization process. 
 Possibly, only one or a few Mα-type proteins interacted with Mγ-type proteins to 
facilitate double fertilization and initiate endosperm development early in angiosperm 
evolution. One of these early players is probably AGL80, because it revealed to be highly 
conserved in distant angiosperm species (Chapters 2 and 4). Additionally, type I genes may 
have evolved to function in the differentiation and proliferation of the endosperm. However, 
to obtain more information about the importance of type I MADS box genes in angiosperm 
evolution, it will be essential to perform functional analysis of the type I subfamily in various 
angiosperm lineages, including monocots and basal angiosperms 
. 
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SUMMARY 
 
Flowering plants (angiosperms) form the largest group of terrestrial plants with over 250,000 
species. The ecological dominance of the angiosperms over the gymnosperms, ferns and 
mosses is the result of three unique beneficial features: the evolution of the carpel, the 
emergence of double fertilization and the origin of the flower. Despite their relatively short 
time of existence (150 Million years), they diversified tremendously and show a wide 
spectrum of flower shapes and colours. The rise of the angiosperms was probably initiated by 
two large-scale genome duplications early in angiosperm evolution, which generated a source 
of genetic material for the development of new traits. One of the gene families that extended 
considerably during both genome duplications is the MADS box family of transcription 
factors. Research in the model species Arabidopsis thaliana, Anthirrhinum majus and Petunia 
hybrida revealed that many duplicated MADS box genes act as homeotic genes and were 
recruited for the development of two of the three unique angiosperm features, the carpel and 
the flower. 
Surprisingly, the extensive study of MADS box genes in angiosperms revealed only 
functions of MIKC-type MADS box genes, of which there are 46 in the Arabidopsis genome. 
The subfamily of type I MADS box genes (61 in Arabidopsis) never appeared in forward 
genetic studies and was only discovered when the fully sequenced Arabidopsis genome was 
analyzed. In contrast to the MIKC-type MADS box genes, which share several conserved 
domains, type I MADS box genes only have the MADS box in common and are therefore also 
called M-type MADS box genes. Based on the presence of certain motifs, the type I MADS 
box genes can be further subdivided into the subclasses Mα, Mβ and Mγ, which are probably 
not monophyletic. Despite their putative different ancestry, type I MADS box genes have a 
few features in common: the genes have little or no introns, they are weakly expressed, and 
phylogenetic analysis revealed that the majority of the genes was not duplicated during the 
early whole-genome duplications, but originated more recently in evolution via small-scale 
duplications. Since their discovery, many Arabidopsis type I genes have been subjected to 
functional studies, but this resulted only in the functional characterization of two genes: 
AGL80 and PHERES1. The limited information available about the function and evolution of 
type I MADS box genes is exclusively based on studies in Arabidopsis and rice, since 
characterization of type I genes has not been carried out in other angiosperm species.  
This thesis describes a comparative study of type I MADS box genes using 
Arabidopsis thaliana and Petunia hybrida as model species. Achievements in the 
understanding of type I evolution and functional importance are presented. In addition, 
explanations for the lack of mutant type I phenotypes are proposed. 
  
In Chapter 2, the isolation and further characterization of seven novel type I MADS box 
genes from Petunia hybrida is described. Five genes could be categorized as Mγ-type, while 
the other two genes revealed to belong to the Mα-class. Although the homology with the 
Arabidopsis type I genes is not very high, the motifs specific for the two subclasses could also 
be identified in the petunia genes, and their expression patterns are comparable with those 
reported for Arabidopsis type I genes. The functions of the genes PhMADSα1, PhMADSγ1, 
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PhMADSγ3 and PhMADSγ6 were further investigated by transgenic approaches, but this did 
not reveal any aberrant phenotypes that were inherited to the progeny. 
We integrated the type I sequence data from petunia with that from several other 
species present in the TIGR database and computed phylogenetic trees of the Mα and Mγ 
classes in angiosperms. The phylogenetic analysis shows that a few type I genes have been 
conserved in a broad range of eudicot species, whereas the majority of the type I genes was 
duplicated more recently in evolution and is specific to a certain lineage. The evolutionary 
perspective of type I genes is further deepened in Chapter 3, which describes the isolation of 
five PhMADSγ1-like genes in petunia that have a highly similar coding sequence, but differ in 
their regulatory regions. The different paralogs were estimated to have diverged between 6 
and 33 million years ago and probably originated after the divergence of the genera Solanum 
and Petunia. Despite their recent origin, analyses of the coding sequences and expression 
patterns of the paralogs revealed that deleterious mutations occurred in the coding sequences 
of PhMADSγ1b and PhMADSγ1d, while the functional genes PhMADSγ1a and PhMADSγ2 
are very weakly expressed. It appears therefore that all paralogs, except for PhMADSγ1, are 
subjected to nonfunctionalization. This chapter shows, in agreement with reports of other 
authors, that the most likely fate of transcription factors duplicated during small-scale events 
is to become silenced and that deleterious mutations in the coding region and regulatory 
region can occur rapidly after duplication.  
 A considerable number of the MADS box type I duplicates may be subjected to 
nonfunctionalization as a result of their duplication mode. However, we also found evidence 
for the conservation of certain type I genes in the eudicots. The phylogenetic analysis in 
Chapter 2 revealed that the Arabidopsis Mγ-type gene AGL80, which plays a role in central 
cell and endosperm development, has putative orthologs in a wide range of eudicot species. 
Chapter 4 describes the identification of two AGL80-like genes in petunia, PhMADSγ5 and 
PhMADSγ7, which are highly homologous and putatively fulfil the AGL80 function in petunia 
in a redundant manner. PhMADSγ5 is able to rescue the agl80 mutant and is expressed in 
embryo sacs, probably together with PhMADSγ7. Although both genes are expressed in 
ovaries, the differential expression in other tissues suggests that subfunctionalization has 
occurred at the regulatory level.  
 Chapters 5 and 6 describe functional studies of a few selected Arabidopsis type I 
MADS box genes by analysis of T-DNA insertion mutants. In Chapter 5, we investigated 
two independent T-DNA insertion alleles of the Arabidopsis Mα-type MADS box gene 
DIANA (DIA; AGL61) and found that dia mutants are affected in the development of the 
female gametophyte. DIA is expressed in the synergid cells, the egg cell and the central cell of 
the female gametophyte, but the DIA:GFP:GUS fusion protein is exclusively localized in the 
polar nuclei and the secondary nucleus of the central cell. A thorough investigation of the 
mutant phenotype showed that in dia embryo sacs, the polar nuclei of the central cell do not 
fuse and both central cell and egg cell morphology are aberrant. In accordance with these 
observations, embryo and endosperm do not develop after pollination, whereas the pollen tube 
is normally attracted and perceived by the mutant ovules. The elucidation of the function of 
DIA proves, together with the functional information on AGL80, that both Mα and Mγ type 
genes can play important roles in plants. 
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 The numerous recent duplications in the type I lineage suggest that redundancy may be 
a common phenomenon that can explain the lack of aberrant phenotypes in single insertion 
mutants. To investigate this, two highly homologous Mα-type genes, AGAMOUS-LIKE 29 
(AGL29) and AGAMOUS-LIKE 91 (AGL91), are functionally characterized in Chapter 6. 
Both genes are expressed in pollen, and the analysis of a reporter construct revealed that 
AGL29 is also expressed in the central cell and the endosperm. If AGL91 is also expressed in 
these tissues remains to be investigated. To study the function of both genes, we analyzed 
single T-DNA insertion mutants as well as an agl29 agl91 double mutant, but aberrant 
phenotypes were not found. This may be explained by the leaky state of the agl29 allele, 
which still allowed expression of AGL29. However, it is also possible that AGAMOUS-LIKE 
102 (AGL102), which is closely related to AGL29 and AGL91 and also expressed in the 
endosperm, fulfils a similar function and is sufficient to rescue the phenotype of the double 
mutant.  
 Chapter 7 concludes with the recent insights in the evolutionary history and 
functional importance of the type I MADS box genes and discusses the hypothesis that type I 
genes facilitated the emergence of double fertilization and the development of endosperm 
early in angiosperm evolution.  
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Samenvatting 
 
De bloemplanten of angiospermen vormen met meer dan 250.000 soorten de grootste groep 
van landplanten. De enorme soortenrijkdom van de angiospermen en de daaruitvolgende 
dominantie over de gymnospermen, varens en mossen is het gevolg van de evolutie van drie 
unieke voordelige eigenschappen: het vruchtblad (de carpel), de bloem en de dubbele 
bevruchting. Hoewel de angiospermen pas relatief kort geleden geëvolueerd zijn (150 miljoen 
jaar geleden), zijn ze ontzettend gevarieerd en laten ze een grote diversiteit zien aan 
bloemvormen en –kleuren. De opkomst van de angiospermen werd waarschijnlijk geïnitieerd 
door twee grote genoomduplicaties in de vroege evolutie van de bloemplanten. Deze 
duplicaties voorzagen in een bron van genetisch materiaal voor de ontwikkeling van nieuwe 
eigenschappen. Eén van de genfamilies die groot geworden is door deze twee genoom 
duplicaties is de MADS box familie van transcriptie factoren. Onderzoek in de modelsoorten 
Arabidopsis thaliana (zandraket), Antirrhinum majus (leeuwenbek) en Petunia hybrida 
(petunia) heeft uitgewezen dat veel van de gedupliceerde MADS box genen een belangrijke 
functie vervullen in de ontwikkeling van de bloem en het vruchtblad, twee van de drie unieke 
angiosperm kenmerken.  
 De uitgebreide studies naar MADS box genen in bloemplanten leverde opmerkelijk 
genoeg alleen functies op van MIKC-type MADS box genen, waarvan er 46 zijn in het 
Arabidopsis genoom. Hoewel Arabidopsis 61 genen telt die behoren tot de subfamilie van 
type I MADS box genen, werd deze groep van genen nooit ontdekt bij het onderzoek aan 
mutanten. Pas toen het complete Arabidopsis genoom werd geanalyseerd bleek dat er naast de 
MIKC-type genen nog een andere groep van MADS box genen in planten bestaat. In 
tegenstelling tot de MIKC-type eiwitten, die verschillende geconserveerde domeinen gemeen 
hebben, hebben de type I eiwitten alleen het MADS box domein gemeenschappelijk. 
Daarnaast zijn er enkele geconserveerde motieven herkenbaar, die specifiek zijn voor 
verschillende sub-klasses en op basis waarvan de type I MADS box genen verder worden 
onderverdeeld in Mα, Mβ en Mγ type. De drie subklasses hebben waarschijnlijk niet dezelfde 
oorsprong, maar hebben desondanks een aantal gezamenlijke kenmerken: de genen hebben 
geen of weinig intronen, ze komen laag tot expressie en de meerderheid is niet ontstaan 
tijdens de grote genoom-duplicaties, maar uit kleinschalige duplicaties die recenter hebben 
plaatsgevonden. Het onderzoek naar de functies van de Arabidopsis type I MADS box genen 
is direct begonnen na hun ontdekking in het jaar 2000, maar dit resulteerde slechts in de 
karakterisatie van twee genen: AGL80 en PHERES1. De beperkte kennis van de evolutie en 
functies van deze subfamilie is bovendien volledig gebaseerd op onderzoek in rijst en 
Arabidopsis, terwijl ander bloemplanten buiten beschouwing zijn gebleven. 
Dit proefschrift beschrijft een vergelijkende studie van type I MADS box genen, door 
middel van onderzoek in de modelsoorten Petunia hybrida en Arabidopsis thaliana. Er wordt 
een belangrijke bijdrage geleverd aan het begrip van de functie en evolutie van de type I 
subfamilie en mogelijke verklaringen voor het veelal ontbreken van mutante phenotypes 
worden besproken.  
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Hoofdstuk 2 beschrijft de isolatie en karakterisatie van zeven nieuwe type I MADS box 
genen van Petunia hybrida. Vijf genen behoren tot de Mγ subklasse, de andere twee genen 
werden geïdentificeerd als Mα type. Hoewel de homologie met de Arabidopsis genen over het 
algemeen niet hoog is, zijn de subklasse-specifieke motieven wel herkenbaar in de Petunia 
genen en zijn ook de expressie patronen vergelijkbaar met Arabidopsis. De functies van vier 
van de petunia genen, PhMADSα1, PhMADSγ1, PhMADSγ3 en PhMADSγ6 werd onderzocht 
door deze uit te schakelen of tot overexpressie te brengen met behulp van genetische 
modificatie. Dit leverde echter geen afwijkende fenotypes op. 
 De sequenties van de geïdentificeerde petunia genen zijn vervolgens gevoegd bij 
sequenties van genen uit de TIGR database en de al bekende sequenties van de Arabidopsis en 
rijst genen voor een fylogenetische analyse van de Mα en Mγ type MADS box genen. Deze 
analyse laat zien dat een klein aantal van de type I MADS box genen geconserveerd is binnen 
de dicotylen (twee-zaadlobbigen), maar dat het grootste deel van de genen recenter 
gedupliceerd is en alleen voorkomt in bepaalde plantenfamilies. Het onderzoek naar de 
recente duplicaties van type I genen wordt verder verdiept in Hoofdstuk 3, waar de isolatie en 
karakterisatie van vijf paraloge Mγ type genen beschreven wordt. De paralogen zijn tussen de 
6 en 33 miljoen jaar geleden ontstaan uit duplicaties, waarschijnlijk na de splitsing van de 
geslachten Solanum en Petunia. Hoewel de genen relatief kort geleden zijn ontstaan, toonde 
analyse van de sequenties en de expressie patronen aan dat schadelijke mutaties zijn 
opgetreden in de coderende regio’s van PhMADSγ1b en PhMADSγ1d, terwijl de in potentie 
functionele genen PhMADSγ1a en PhMADSγ2 erg laag tot expressie komen. Het lijkt er 
daarom op dat alle paralogen, behalve PhMADSγ1, onderhevig zijn aan non-functionalisatie. 
Dit hoofdstuk toont aan, in overeenstemming met studies van andere wetenschappers, dat 
transcriptiefactoren die zijn ontstaan door kleinschalige duplicaties een grote kans hebben om 
hun functie te verliezen. Ook blijkt dat schadelijke mutaties in de coderende of regulatoire 
sequentie snel na duplicatie kunnen optreden.  
 Hoewel een groot aantal type I MADS box genen waarschijnlijk zijn functie verliest 
na kleinschalige duplicatie, hebben we ook bewijs gevonden voor de conservering van 
sommige type I genen in de dicotylen. De fylogenetische analyse in Hoofdstuk 2 wees uit dat 
het Mγ type gen AGL80 van Arabidopsis, dat een rol speelt bij de vorming van de centrale cel 
en het endosperm, orthologen heeft in verschillende andere soorten. Hoofdstuk 4 beschrijft de 
isolatie van twee AGL80-achtige genen van petunia, PhMADSγ5 and PhMADSγ7, die sterk op 
elkaar lijken en waarschijnlijk samen de AGL80 functie vervullen in petunia. Dit blijkt uit het 
feit dat PhMADSγ5 in staat is om het wild type fenotype te herstellen in de agl80 mutant. 
Bovendien komt PhMADSγ5 tot expressie in de vrouwelijke gametofyt, vermoedelijk samen 
met PhMADSγ7. Hoewel beide genen tot expressie komen in het ovarium, wijst de 
verschillende expressie in de andere weefsels erop dat subfunctionalisatie heeft 
plaatsgevonden op het niveau van de regulatie. 
 De hoofdstukken 5 en 6 beschrijven een functionele studie van enkele geselecteerde 
type I MADS box genen in Arabidopsis met behulp van T-DNA insertie lijnen. In Hoofdstuk 
5 onderzochten we twee onafhankelijke T-DNA insertie allelen van het Mα type gen DIANA 
(DIA; AGL61) en ontdekten we dat dia mutanten verstoord zijn in de ontwikkeling van de 
vrouwelijke gametofyt. DIANA komt in de laatste stadia van vrouwelijke gametofyt 
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ontwikkeling tot expressie in de synergiden, de eicel en de centrale cel. Een DIA:GFP:GUS 
fusie eiwit is echter alleen aanwezig in de poolkernen en de secundaire kern van de centrale 
cel. Een gedetailleerd onderzoek van het mutante fenotype wijst uit dat de poolkernen van de 
centrale cel niet fuseren in dia ovules, en dat zowel de morfologie van de centrale cel als van 
de eicel afwijkend is. In lijn met deze bevindingen bleek dat het embryo en het endosperm 
zich niet ontwikkelen na pollinatie, hoewel de pollenbuis gewoon wordt aangetrokken door de 
ovule. De ontdekking van de functie van DIA bewijst, samen met de informatie over de 
functie van AGL80, dat zowel Mα als Mγ type genen een belangrijke rol kunnen vervullen bij 
de ontwikkeling van planten.  
 Het grote aantal recente duplicaties binnen de type I subfamilie doet vermoeden dat 
veel genen dezelfde of overlappende functies hebben, waardoor het uitschakelen van één gen 
weinig of geen invloed heeft op het fenotype. Dit kan een verklaring zijn voor het veelal 
ontbreken van een mutant fenotype in enkelvoudige T-DNA insertie lijnen. Om dit te 
onderzoeken zijn in Hoofdstuk 6 twee zeer homologe Mα-type genen, AGAMOUS-LIKE 29 
(AGL29) en AGAMOUS LIKE 91 (AGL91), gekarakteriseerd. Beide genen komen tot 
expressie in de pollen en een reporter construct wees uit dat AGL29 ook tot expressie komt in 
de centrale cel en het endosperm. Of AGL91 ook tot expressie komt in de laastgenoemde 
celtypen moet nog onderzocht worden. Om de functie van beide genen te onderzoeken zijn 
zowel enkelvoudige T-DNA mutanten als agl29 agl91 dubbelmutant onderzocht, maar er 
werd geen afwijkend fenotype gevonden. Dit kan mogelijk worden verklaard door de matige 
uitschakeling van AGL29 in de agl29 mutant, waardoor nog een aanzienlijke hoeveelheid 
AGL29 RNA aanwezig was in de mutant. Ook kan het zijn dat het gen AGAMOUS-LIKE 102 
(AGL102), dat nauw verwant is aan AGL29 en AGL91 en ook tot expressie komt in het 
endosperm, een soortgelijke functie vervuld en het ontbreken van AGL29 en AGL91 functie in 
de dubbelmutant kan compenseren.  
 Hoofdstuk 7 eindigt met een bespreking van de recente inzichten in de functie en 
evolutie van type I MADS box genen en brengt de hypothese naar voren dat type I MADS 
box genen een grote rol hebben gespeeld bij de evolutie van de dubbele bevruchting en het 
endosperm. 
 123 
REFERENCES 
 
 
Alonso, J.M., Stepanova, A.N., Leisse, T.J., Kim, C.J., Chen, H., Shinn, P., Stevenson, 
D.K., Zimmerman, J., Barajas, P., Cheuk, R., Gadrinab, C., Heller, C., Jeske, A., 
Koesema, E., Meyers, C.C., Parker, H., Prednis, L., Ansari, Y., Choy, N., Deen, 
H., Geralt, M., Hazari, N., Hom, E., Karnes, M., Mulholland, C., Ndubaku, R., 
Schmidt, I., Guzman, P., Aguilar-Henonin, L., Schmid, M., Weigel, D., Carter, 
D.E., Marchand , T., Risseeuw, E., Brogden, D., Zeko, A., Crosby, W.L., Berry, 
C.C., and Ecker, J.R. (2003). Genome-wide insertional mutagenesis of Arabidopsis 
thaliana. Science 301, 653 - 657. 
Alvarez-Buylla, E.R., Liljegren, S.J., Pelaz, S., Gold, S.E., Burgeff, C., Ditta, G.S., 
Vergara-Silva, F., and Yanofsky, M.F. (2000a). MADS-box gene evolution beyond 
flowers: expression in pollen,endosperm, guard cells, roots and trichomes. The Plant 
Journal 24, 457-466. 
Alvarez-Buylla, E.R., Pelaz, S., Liljegren, S.J., Gold, S.E., Burgeff, C., Ditta, G.S., de 
Pouplana, L.R., Martinez-Castilla, L., and Yanofsky, M.F. (2000b). An ancestral 
MADS-box gene duplication occurred before the divergence of plants and animals. 
Evolution 97, 5328-5333. 
Angenent, G.C., Franken, J., Busscher, M., van Dijken, A., van Went, J.L., Dons, H.J., 
and van Tunen, A.J. (1995). A novel class of MADS box genes is involved in ovule 
development in petunia. Plant Cell 7, 1569 - 1582. 
Arabidopsis Genome Initiative. (2000). Analysis of the Genome Sequence of the Flowering 
Plant Arabidopsis thaliana. Nature 408, 796-815. 
Baroux, C., Spillane, C., and Grossniklaus, U. (2002). Evolutionary origins of the 
endosperm in flowering plants. Genome Biology 3, reviews1026. 
Becker, A., and Theissen, G. (2003). The major clades of MADS-box genes and their role in 
the development and evolution of flowering plants. Mol Phylogenet Evol. 29, 464-489. 
Becker, A., Winter, K.-U., Meyer, B., Saedler, H., and Theissen, G. (2000). MADS-box 
Gene Diversity in Seed Plants 300 Million Years Ago. Molecular Biology and 
Evolution 17, 1425-1434. 
Blanc, G., and Wolfe, K. (2004). Functional divergence of duplicated genes formed by 
polyploidy during Arabidopsis evolution. Plant Cell 16, 1679-1691. 
Cañas, L.A., Busscher, M., Angenent, G.C., Beltrán, J.-P., and van Tunen, A.J. (1994). 
Nuclear localization of the petunia MADS box protein FBP1 The Plant Journal 6, 597 
- 604. 
Casneuf, T., De Bodt, S., Raes, J., Maere, S., and Van de Peer, Y. (2006). Nonrandom 
divergence of gene expression following gene and genome duplications in the 
flowering plant Arabidopsis thaliana. Genome Biology. 
Chaudhury, A.M., Ming, L., Miller, C., Craig, S., Dennis, E.S., and Peacock, W.J. 
(1997). Fertilization-independent seed development in Arabidopsis thaliana. Proc. 
Natl. Acad. Sci. USA 94, 4223-4228. 
Chen, H., Nelson, R.S., and Sherwood, J.L. (1994). Enhanced recovery of transformants of 
Agrobacterium tumefaciens after freeze-thaw transformation and drug selection. 
Biotechniques 16, 664-670. 
Christensen, C.A., Subramanian, S., and Drews, G.N. (1998). Identification of 
Gametophytic Mutations Affecting Female Gametophyte Development in 
Arabidopsis. Dev. Biol. 202, 136 - 151. 
Christensen, C.A., King, E.J., Jordan, J.R., and Drews, G.N. (1997). Megagametogenesis 
in Arabidopsis wild type and the Gf mutant. Sexual Plant Reproduction 10, 49 - 64. 
 124 
Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant Journal 16, 735-743. 
Coen, E.S., and Meyerowitz, E.M. (1991). The war of the whorls: genetic interactions 
controlling flower development. Nature 353, 31-37. 
Colombo, L., Franken, J., Van der Krol, A., Wittich, P., Dons, H., and Angenent, G. 
(1997). Downregulation of ovule-specific MADS box genes from petunia results in 
maternally controlled defects in seed development. Plant Cell 9, 703-715. 
Crane, P.R., Friis, E.M., and Pedersen, K.R. (1995). The origin and early diversification of 
angiosperms. Nature 374, 27 - 33. 
Crow, K.D., and Wagner, G.P. (2006). What Is the Role of Genome Duplication in the 
Evolution of Complexity and Diversity? Mol. Biol. Evol. 23, 887-892. 
Czechowski, T., Stitt, M., Altmann, T., Udvardi, M.K., and Scheible, W.-R. (2005). 
Genome-Wide Identification and Testing of Superior Reference Genes for Transcript 
Normalization in Arabidopsis. Plant Physiology 139, 5-17. 
Davies, B., Egea-Cortines, M., de Andrade, S.E., Saedler, H., and Sommer, H. (1996). 
Multiple interactions amongst floral homeotic MADS box proteins. EMBO J. 15, 4330 
- 4343. 
De Bodt, S., Maere, S., and Van de Peer, Y. (2005). Genome Duplication and the Origin of 
Angiosperms. Trends in Ecology and Evolution 20, 591-597. 
De Bodt, S., Raes, J., Van de Peer, Y., and Theissen, G. (2003a). And then there were 
many: MADS goes genomic. TRENDS in Plant Science 8, 475-483. 
De Bodt, S., Raes, J., Florquin, K., Rombauts, S., Rouzé, P., Theissen, G., and Van de 
Peer, Y. (2003b). Genomewide Structural Annotation and Evolutionary Analysis of 
the Type I MADS-box Genes in Plants. Journal of Molecular Evolution 56, 573-586. 
De Folter, S., Immink, R.G.H., Kiefer, M., Parenicova, L., Henz, S.R., Weigel, D., 
Busscher, M., Kooiker, M., Colombo, L., Kater, M.M., Davies, B., and Angenent, 
G.C. (2005). Comprehensive Interaction Map of the Arabidopsis MADS Box 
Transcription Factors. Plant Cell 17, 1424-1433. 
Ditta, G., Pinyopich, A., Robles, P., Pelaz, S., and Yanofsky, M.F. (2004). The SEP4 gene 
of Arabidopsis thaliana functions in floral organ and meristem identity. Curr. Biol. 14 
1935-1940. 
Dresselhaus, T. (2006). Cell-cell communication during double fertilization. Curr. Opin. 
Plant Biol. 9, 41-47. 
Favaro, R., Pinyopich, A., Battaglia, R., Kooiker, M., Borghi, L., Ditta, G., Yanofsky, 
M., Kater, M., and Colombo, L. (2003). MADS-box protein complexes control 
carpel and ovule development in Arabidopsis. Plant Cell 15, 2603-2611. 
Ferrándiz, C., Gu, Q., Martienssen, R., and Yanofsky, M. (2000). Redundant regulation of 
meristem identity and plant architecture by FRUITFULL, APETALA1 and 
CAULIFLOWER. Development 127, 725 - 734. 
Ferrario, S., Immink, R.G.H., and Angenent, G.C. (2004). Conservation and diversity in 
flower land. Curr. Opin. Plant Biol. 7, 84-91. 
Force, A., Lynch, M., Pickett, F.B., Amores, A., Yan, Y.-l., and Postlethwait, J. (1999). 
Preservation of Duplicate Genes by Complementary, Degenerative Mutations. 
Genetics 151, 1531-1545. 
Gehring, M., Huh, J.H., Hsieh, T.F., Penterman, J., Choi, Y., Harada, J.J., Goldberg, 
R.B., and Fischer, R.L. (2006). DEMETER DNA glycosylase establishes MEDEA 
polycomb gene self-imprinting by allele-specific demethylation. Cell 124, 495-506. 
Goldberg, R.B., Hoshek, G., Tam, S.H., Ditta, G.S., and Breidenbach, R.W. (1981). 
Abundance, diversity and regulation of mRNA sequence sets in soybean 
embryogenesis. Dev. Biol. 83, 201-217. 
 125 
Goto, K., and Meyerowitz, E. (1994). Function and regulation of the Arabidopsis floral 
homeotic gene PISTILLATA. Genes Dev. 8, 1548 - 1560. 
Groß-Hardt, R., Kägi, C., Baumann, N., Moore, J.M., Baskar, R., Gagliano, W.B., 
Jürgens, G., and Grossniklaus, U. (2007). LACHESIS Restricts Gametic Cell Fate in 
the Female Gametophyte of Arabidopsis. PLoS Biology 5, e47. 
Grossniklaus, U., Vielle-Calzada, J.P., Hoeppner, M.A., and Gagliano, W.B. (1998). 
Maternal control of embryogenesis by MEDEA, a Polycomb group gene in 
Arabidopsis. Science 280, 446-450. 
Henschel, K., Kofuji, R., Hasebe, M., Saedler, H., Munster, T., and Theissen, G. (2002). 
Two Ancient Classes of MIKC-type MADS-box Genes are Present in the Moss 
Physcomitrella patens. Molecular Biology and Evolution 19, 801-814. 
Honma, T., and Goto, K. (2001). Complexes of MADS-box proteins are sufficient to convert 
leaves into floral organs. Nature 409, 469 - 471. 
Horsch, R.B., Fry, J.E., Hoffmann, N.L., Eichholtz, D., Rogers, S.D., and Fraley, R.T. 
(1985). A simple and general method for transferring genes into plants. Science 227, 
1229-1231. 
Howden, R., Park, S.K., Moore, J.M., Orme, J., Grossniklaus, U., and Twell, D. (1998). 
Selection of T-DNA-Tagged Male and Female Gametophytic Mutants by Segregation 
Distortion in Arabidopsis. Genetics 149, 621-631. 
Huck, N., Moore, J., Federer, M., and Grossniklaus, U. (2003). The Arabidopsis mutant 
feronia disrupts the female gametophytic control of pollen tube reception. 
Development 130 2149 - 2159. 
Immink, R.G.H., Gadella, T.W.J., Ferrario, S., Buscher, M., and Angenent, G.C. (2002). 
Analysis of MADS box protein-protein interactions in living plant cells. PNAS 99, 
2416-2421. 
Ioerger, T.R., Clark, A.G., and Kao, T.-H. (1990). Polymorphism at the self-incompatibility 
locus in Solanaceae predates speciation. Proc. Natl. Acad. Sci. USA Vol. 87, 9732 - 
9735. 
Irish, V., and Sussex, I. (1990). Function of the apetala-1 gene during Arabidopsis floral 
development. Plant Cell 2, 741-753. 
Jiang, N., Bao, Z., Zhang, X., Hirochika, H., Eddy, S.R., McCouch, S.R., and Wessler, 
S.R. (2003). An active DNA transposon family in rice. nature 421, 163-166. 
Johnston, A.J., Meier, P., Gheyselinck, J., Wuest, S.E., Federer, M., Schlagenhauf, E., 
Becker, J.D., and Grossniklaus, U. (2007). Genetic subtraction profiling identifies 
genes essential for Arabidopsis reproduction and reveals interaction between the 
female gametophyte and the maternal sporophyte. Genome Biol. 8, R204. 
Josefsson, C., Dilkes, B., and Comai, L. (2006). Parent-dependent loss of gene silencing 
during interspecies hybridization. Curr. Biol., 1322-1328. 
Karimi, M., Inzé, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-
mediated plant transformation. Trends in Plant Sciences 7, 193-195. 
Kasahara, R.D., Portereiko, M.F., Sandaklie-Nikolova, L., Rabiger, D.S., and Drews, 
G.N. (2005). MYB98 is required for pollen tube guidance and synergid cell 
differentiation in Arabidopsis. Plant Cell 17, 2981 - 2992. 
Kim, S.L., Lee, S., Kim, H.J., Nam, H.G., and An, G. (2007). OsMADS51 Is a Short-Day 
Flowering Promoter That Functions Upstream of Ehd1, OsMADS14, and Hd3a1. Plant 
Physiology 145, 1484 - 1494. 
Koes, R., Souer, E., Houwelingen, A.V., Mur, L., Spelt, C., Quattrocchio, F., Wing, J., 
Oppedijk, B., Ahmed, S., Maes, T., Gerats, T., Hoogeveen, P., Meesters, M., 
Kloos, D., and Mol, J.N.M. (1995). Targeted Gene Inactivation in Petunia by PCR-
Based Selection of Transposon Insertion Mutants. PNAS 92, 8149 - 8153. 
 126 
Kofuji, R., Sumikawa, N., Yamasaki, M., Kondo, K., Ueda, K., Ito, M., and Hasebe, M. 
(2003). Evolution and divergence of MADS-box gene family based on genome wide 
expression analysis. Journal of Molecular Evolution 10. 
Köhler, C., Page, D., Gagliardini, V., and Grossniklaus, U. (2005). The Arabidopsis 
thaliana MEDEA Polycomb group protein controls expression of PHERES1 by 
parental imprinting. Nature Genetics 37, 28-30. 
Köhler, C., Hennig, L., Spillane, C., Pien, S., Gruissem, W., and Grossniklaus, U. 
(2003a). The Polycomb-group protein MEDEA regulates seed development by 
controlling expression of the MADS-box gene PHERES1. Genes and Development 
17, 1540-1553. 
Köhler, C., Hennig, L., Bouveret, R., Gheyselinck, J., Grossniklaus, U., and Gruissem, 
W. (2003b). Arabidopsis MSI1 is a component of the MEA/FIE Polycomb group 
complex and required for seed development. Embo Journal 22, 4804-4814. 
Kwee, H., and Sundaresan, V. (2003). The NOMEGA gene required for female 
gametophyte development encodes the putative APC6/CDC16 component of the 
Anaphase Promoting Complex in Arabidopsis. Plant Journal 36, 853 - 866. 
Leseberg, C.H., Li, A., Kang, H., Duvall, M., and Mao, L. (2006). Genome-wide analysis 
of the MADS-box gene family in Populus trichocarpa. Gene 378, 84-94. 
Li, W.-H., Wu, C.-I., and Luo, C.-C. (1985). A New Method for Estimating Synonymous 
and Nonsynonymous Rates of Nucleotide Substitution Considering the Relative 
Likelihood of Nucleotide and Codon Change. Mol. Biol. Evol. 2, 150-174. 
Liljegren, S.J., Ditta, G.S., Eshed, Y., Savidge, B., Bowman, J.L., and Yanofsky, M.F. 
(2000). SHATTERPROOF MADS-box genes control seed dispersal in Arabidopsis 
Nature 404, 766-770. 
Lynch, M., and Conery, J.S. (2000). The Evolutionary Fate and Consequences of Duplicate 
Genes. Science 290, 1151-1155. 
Maere, S., De Bodt, S., Raes, J., Casneuf, T., Van Montague, M., Kuiper, M., and Van de 
Peer, Y. (2005). Modeling gene and genome duplications in eukaryotes. PNAS 102, 
5454-5459. 
Martinez-Castilla, L., and Alvarez-Buylla, E.R. (2003). Adaptive evolution in the 
Arabidopsis MADS-box gene family inferredfrom its complete resolved phylogeny. 
PNAS 100, 13407-13412. 
Messenguy, F., and Dubois, E. (2003). Role of MADS-box proteins and their cofactors in 
combinatorial control of gene expression and cell development. Gene in press. 
Moniz de Sa, M., and Drouin, G. (1996). Phylogeny and Substitution Rates of Angiosperm 
Actin Genes. Mol. Biol. Evol. 13, 1198-1212. 
Moore, J.M., Calzada, J.P., Gagliano, W.B., and Grossniklaus, U. (1997). Genetic 
characterization of hadad, a mutant disrupting female gametogenesis in Arabidopsis 
thaliana. Cold Spring Harb Symp Quant Biol. 62, 35-47. 
Nam, J., Kim, J., Lee, S., An, G., Ma, H., and Nei, M. (2004). Type I MADS-box genes 
have experienced faster birth-and-death evolution than type II MADS-box genes in 
angiosperms. PNAS vol. 101, 1910-1915. 
Ng, M., and Yanofsky, M.F. (2001). Function and evolution of the plant MADS-box gene 
family. Nature 2, 186-195. 
Nougalli Tonaco, I.A., Borst, J.W., de Vries, S.C., Angenent, G.C., and Immink, R.G.H. 
(2006). In vivo imaging of MADS-box transcription factor interactions Journal of 
Experimental Botany 57, 33-42. 
Ohad, N., Yadegari, R., Margossian, L., Hannon, M., Michaeli, D., Harada, J.J., 
Goldberg, R.B., and Fischer, R.L. (1996). Mutations in FIE, a WD Polycomb group 
gene, allow endosperm development without fertilization. Plant Cell 11, 407-416. 
 127 
Pagnussat, G., Yu, H., and Sundaresan, V. (2007). Cell-fate switch of synergid to egg cell 
in Arabidopsis eostre mutant embryo sacs arises from misexpression of the BEL1-like 
homeodomain gene BLH1. Plant Cell 19, 3578-3592. 
Pagnussat, G.C., Yu, H.-J., Ngo, Q.A., Rajani, S., Mayalagu, S., Johnson, C.S., Capron, 
A., Xie, L.-F., Ye, D., and Sundaresan, V. (2005). Genetic and molecular 
identification of genes required for female gametophyte development and function in 
Arabidopsis. Development 132, 603 - 614. 
Pařenicová, L., de Folter, S., Kieffer, M., Horner, D.S., Favalli, C., Busscher, J., Cook, 
H.E., Ingram, R.M., Kater, M.M., Davies, B., Angenent, G.C., and Colombo, L. 
(2003). Molecular and Phylogenetic Analyses of the Complete MADS-Box 
Transcription Factor Family in Arabidopsis: New openings to the MADS World. Plant 
Cell 15, 1538-1551. 
Pinyopich, A., Ditta, G.S., Savidge, B., Liljegren, S.J., Baumann, E., Wisman, E., and 
Yanofsky, M.F. (2003). Assessing the redundancy of MADS-box genes during carpel 
and ovule development. Nature 424, 85-88. 
Pischke, M.S., Jones, L.G., Otsuga, D., Fernandez, D.E., Drews, G.N., and Sussman, 
M.R. (2002). An Arabidopsis histidine kinase is essential for megagametogenesis. 
PNAS 99, 15800–15805. 
Portereiko, M.F., Lloyd, A., Steffen, J.G., Punwani, J.A., Otsuga, D., and Drews, G.N. 
(2006). AGL80 Is Required for Central Cell and Endosperm Development in 
Arabidopsis. The Plant Cell 18, 1862-1872. 
Reiser, L., and Fischer, R. (1993). The Ovule and the Embryo Sac. The Plant Cell 5, 1291-
1301. 
Rijpkema, A.S., Gerats, T., and Vandenbussche, M. (2006). Genetics of floral development 
in Petunia. Advances in Botanical Research 44. 
Roche, P., Alston, F.H., Maliepaard, C., Evans, K.M., Vrielink, R., Dunemann, F., 
Markussen, T., Sartarini, S., Brown, L.M., Ryder, C., and King, G.J. (1997). 
RFLP and RAPD markers linked to the rosy leaf curling aphid resistance gene (Sd1) in 
apple. Theor. Appl. Genetics 94, 528-533. 
Rosso, M.G., Li, Y., Strizhov, N., Reiss, B., Dekker, K., and Weisshaar, B. (2003). An 
Arabidopsis thaliana T-DNA mutagenized population (GABI-Kat) for flanking 
sequence tag-based reverse genetics. Plant Molecular Biology 53, 247 - 259. 
Rotman, N., Rozier, F., Boavida, L., Dumas, C., Berger, F., and Faure, J.E. (2003). 
Female control of male gamete delivery during fertilization in Arabidopsis thaliana. 
Current Biology 13 432 - 436. 
Sandaklie-Nikolova, L., Palanivelu, R., King, E.J., Copenhaver, G.P., and Drews, G.N. 
(2007). Synergid cell death in Arabidopsis is triggered following direct interaction 
with the pollen tube. Plant Physiology 144, 1753-1762. 
Schneitz, K., Hulskamp, M., and Pruitt, R.E. (1995). Wild-type ovule development in 
Arabidopsis thaliana: a light microscope study of cleared whole-mount tissue. The 
Plant Journal 7, 731-749. 
Smyth, D.R., Bowman, J.L., and Meyerowitz, E.M. (1990). Early Flower Development in 
Arabidopsis. The Plant Cell 2, 755-767. 
Sommer, H., Beltrán, J., Huijser, P., Pape, H., Lönnig, W., Saedler, H., and Schwarz-
Sommer, Z. (1990). Deficiens, a homeotic gene involved in the control of flower 
morphogenesis in Antirrhinum majus: the protein shows homology to transcription 
factors. EMBO J. 9, 605 - 613. 
Springer, P.S., Holding, D.R., Groover, A., Yordan, C., and Martienssen, R.A. (2000). 
The essential Mcm7 protein PROLIFERA is localized to the nucleus of dividing cells 
 128 
during the G(1) phase and is required maternally for early Arabidopsis development. 
Development 127, 1815 - 1822. 
Steffen, J.G., Kang, I.-H., Macfarlane, J., and Drews, G.N. (2007). Identification of genes 
expressed in the Arabidopsis female gametophyte. The Plant Journal 51, 281-292. 
Sunilkumar, G., Mohr, L., Lopata-Finch, E., Emani, C., and Rathore, K.S. (2002). 
Developmental and tissue-specific expression of CaMV 35S promoter in cotton as 
revealed by GFP. Plant Molecular Biology 50, 463 - 474. 
Theissen, G. (2001). Development of floral organ identity: stories from the MADS house 
Current Opinion in Plant Biology 4, 75-85. 
Vandenbussche, M., Zethof, J., Souer, E., Koes, R., Tornielli, G.B., Pezzotti, M., 
Ferrario, S., Angenent, G.C., and Gerats, T. (2003). Toward the Analysis of the 
Petunia MADS Box Gene Family by Reverse and Forward Transposon Insertion 
Mutagenesis Approaches: B, C, and D Floral Organ Identity Functions Require 
SEPALLATA-Like MADS Box Genes in Petunia Plant Cell 15, 2680 - 2693. 
Verelst, W., Twell, D., De Folter, S., Immink, R.G.H., Saedler, H., and Münster, T. 
(2007). MADS-complexes regulate transcriptome dynamics during pollen maturation. 
Genome Biology 8, R249. 
Wan, C.Y., and Wilkins, T.A. (1994). A modified hot borate method significantly enhances 
the yield of high-quality RNA from cotton (Gossypium hirsutum L.). Anal. Biochem. 
223, 7-12. 
Weijers, D., Geldner, N., Offringa, R., and Jürgens, G. (2001a). Seed development:Early 
paternal gene activity in Arabidopsis. Nature 414, 709-710. 
Weijers, D., Franke - van Dijk, M., Vencken, R.-J., Quint, A., Hooykaas, P., and 
Offringa, R. (2001b). An Arabidopsis Minute-like phenotype caused by a semi-
dominant mutation in a RIBOBOSOMAL PROTEIN S5 gene. Development 128, 
4289 - 4299. 
Wikström, N., Savolainen, V., and Chase, M.W. (2001). Evolution of the angiosperms: 
calibrating the family tree. Proc Biol Sci. 268, 2211-2220. 
Yang, Y.-W., Lai, K.-N., Tai, P.-Y., and Li, W.-H. (1999). Rates of Nucleotide Substitution 
in Angiosperm Mitochondrial DNA Sequences and Dates of Divergence Between 
Brassica and Other Angiosperm Lineages. J Mol Evol 48, 597 - 604. 
Yang, Y., and Jack, T. (2004). Defining subdomains of the K domain important for protein–
protein interactions of plant MADS proteins. Plant Molecular Biology 55, 45-59. 
Yanofsky, M., Ma, H., Bowman, J., Drews, G., Feldmann, K., and Meyerowitz, E. (1990). 
The protein encoded by the Arabidopsis homeotic gene agamous resembles 
transcription factors. Nature 346, 35 - 39. 
Yoo, S.K., Lee, J.S., and Ahn, J.H. (2006). Overexpression of AGAMOUS-LIKE 28 
(AGL28) promotes flowering by upregulating expression of floral promoters within the 
autonomous pathway. Biochemical and Biophysical Research Communications 348, 
929-936. 
Yu, H., Hogan, P., and Sundaresan, V. (2005). Analysis of the female gametophyte 
transcriptome of Arabidopsis by comparative expression profiling. Plant Physiology 
139, 1853 - 1869. 
Zhang, J. (2003). Evolution by Gene Duplication: an update. Trends in Ecology and 
Evolution 18, 292-298. 
 
 
 
 
 
 129 
CURRICULUM VITAE 
 
Marian Bemer werd geboren op 2 februari 1980 te Boxmeer. Ze volgde het VWO aan het 
Merletcollege in Cuijk en behaalde daar in 1998 haar diploma. Datzelfde jaar begon ze de 
studie biologie aan de Katholieke Universiteit Nijmegen (nu Radboud Universiteit Nijmegen). 
In de specialisatiefase van haar studie liep ze drie stages. De eerst werd uitgevoerd op de 
afdeling Celbiologie van de Plant in het lab van Prof. dr. Titti Mariani en had als onderwerp 
‘Functional Analysis of the PPPAL-protein’. De tweede stage werd gelopen in het kader van 
het academic professional traject bij de consumentenorganisatie Milieu Centraal in Utrecht. 
Ten slotte heeft zij ruim 3 maanden stage gelopen aan de Jagiellonen Universiteit in Kraków 
in het lab van Prof. dr. Kazimierz Strzałka, waar ze onderzoek deed naar enzymen die 
betrokken zijn bij de photosynthese. In april 2003 behaalde ze cum laude haar doctoraal 
examen biologie en in november van dat jaar startte ze met haar promotieonderzoek op de 
afdeling Celbiologie van de Plant onder begeleiding van Prof. dr. ir. Gerco Angenent en Prof. 
dr. Titti Mariani. De resultaten van dit promotieonderzoek staan beschreven in dit proefschrift. 
Tijdens het promotietraject heeft ze verschillende cursussen gevolgd, waaronder een cursus 
wetenschaps-journalistiek, een cursus bioinformatica en een cursus phylogenie. Ook heeft ze 
haar onderzoek gepresenteerd op meerdere internationale congressen, waaronder de World 
Petunia Meeting in Nottingham (2005), het XV Congress of the Federation of European 
Societies of Plant Biology in Lyon (2006) en de workshop ‘Molecular Mechanisms 
Controlling Flowering Development’ in Maratea (2007). Naast haar promotieonderzoek heeft 
ze twee jaar deel uitgemaakt van het bestuur van GroenLinks afdeling Nijmegen (2005-2007). 
Sinds november 2007 doet zij als Postdoc onderzoek op de afdeling Celbiologie van de Plant 
naar de conservering van cis-regulatoire elementen in genen die een rol spelen bij de 
vruchtvorming van Arabidopsis en tomaat.  
 
 
 
 
 
 
 
 
 130 
DANKWOORD 
 
 
Nu mijn proefschrift af is na vier jaar flink doorwerken wil ik graag iedereen 
bedanken die er op één of andere manier bij betrokken is geweest. Allereerst 
was ik waarschijnlijk geen AIO geworden als ik mijn eerste stage niet bij Titti op 
het lab had gelopen. Titti, jij nam de tijd om mij als student de verschillende 
onderzoeksprojecten uit te leggen en maakte mij enthousiast voor de moleculaire 
plantenbiologie. Toen ik tegen het einde van mijn studie eindelijk besloten had 
dat ik verder wilde in het onderzoek, zag jij in mij een goede wetenschapper en 
bood mij een plaats op de afdeling aan. Titti, hoewel je inhoudelijk minder bij 
mijn onderzoeksproject betrokken bent geweest, heb je een belangrijke 
bijdrage geleverd aan mijn wetenschappelijke carrière. Bedankt voor het 
vertrouwen, de aanmoedigingen en het meedenken over de toekomst. 
 Gerco, als eerste promoter en directe begeleider van mijn project heb jij 
een hele belangrijke bijdrage geleverd aan het slagen ervan. Samen vonden we de 
type I MADS box genen een mooie uitdaging en hebben we vier jaar lang ons 
best gedaan om te bewijzen dat ze wel degelijk belangrijke functies hebben. 
Hoewel de moed mij af en toe in de schoenen zonk na het weer eens ontbreken 
van een mutant phenotype, was jij altijd positief en bleef je geloven in een goede 
afloop (ook al heb je duidelijk meer grijze haren gekregen in de loop van mijn 
project). Bedankt voor de uitstekende begeleiding en de interessante discussies. 
Ik ben blij dat we nog een aantal jaren zo verder kunnen gaan. 
 Omdat ik de eerste was van een nieuwe lichting AIO’s, was het in het 
begin nog een beetje stil op het lab. Gelukkig waren er regelmatig mensen van de 
oude club in de buurt. Marc, Karin, Jeroen, Tamara, Flora, Manoko, Huub, Jan D., 
Ivo en Bart, bedankt voor de gezellige praatjes en de goede adviezen. Koen, het 
is jammer dat je maar kort mijn begeleider kon zijn, maar ik heb zeker veel van 
je geleerd in het begin van mijn AIO-periode. Richard, ook jij was gelukkig altijd 
in de buurt als vraagbaak en redder in nood bij mislukkende experimenten. 
Dankjewel! 
Anneke, naast een goede vriendin ben je vanaf het begin ook een hele goede 
collega geweest. Omdat je een paar maanden eerder begon dan ik, kon ik mooi 
gebruik maken van de protocollen die jij al uitgeprobeerd had. Bedankt voor 
alle hulp, de gezellige uurtjes aan de labtafel en in de kas, de etentjes, de 
reisjes naar Frankrijk en nog veel meer!  
Met de komst van nieuwe AIO’s werd het lab weer een stuk levendiger en 
in de loop van mijn onderzoek groeide de groep weer tot een mooie club collega’s. 
Lisette en Maaike, bedankt voor alle lol, de creatieve uitspattingen en de goede 
samenwerking! Mieke, fijn dat jij altijd in de buurt bent om de mooiste coupes te 
maken en mij opgewekt gezelschap te houden als ik weer eens Arabidopsis pistils 
uit elkaar aan het peuteren ben. Else, ik ben heel blij dat je je ondanks alle 
tegenslagen zo hard blijft inzetten voor de afdeling. Met jou in de buurt is de 
 131 
sfeer goed en zijn de lunchpauzes altijd gezellig! Drodzy Tomku i Aniu jesteście 
bardzo sympatycznymi kolegami i cieszę się że mogę z Wami pracować. Wim, 
bedankt voor de nuttige discussies en het opleuken van borrels en bijeenkomsten 
met droge opmerkingen. Peter, hoewel het niet altijd meevalt om het lab te 
‘managen’, ben jij altijd bereid ons te helpen, dankjewel! Thikra, het was erg leuk 
om met jou samen te werken en ik hoop dat je bij ons AIO kunt worden. Mena 
and Sissi, we have only been colleagues for a short period, but we will hopefully 
get to know each other better in the future. Tijdens mijn onderzoek heb ik ook 
twee studenten mogen begeleiden. Maarten, bedankt voor je prima werk in de 
petunia-periode! Klaas, jij bent begonnen toen mijn proefschrift al bijna af was, 
maar gelukkig kan ik door jouw stageproject nog bezig blijven met de Type I 
genen (nu ze toch wel erg interessant geworden zijn).    
Ik wil ook graag de collega’s van de afdeling Plantengenetica bedanken, die 
samen met ons de afdeling bevolken en waarvan ik veel geleerd heb de afgelopen 
jaren. Jan en Michiel, jullie manier van onderzoek doen spreekt me erg aan. 
Bedankt voor alle adviezen en goede protocollen. Jan, ik hoop dat je nog lange 
tijd op de afdeling blijft. Tom, Janny, Filip, Stefan, Veena en Andrea, bedankt 
voor jullie interesse en de fijne samenwerking.  
Verder wil ik ook een aantal minder directe, maar niet minder waardevolle 
collega’s bedanken. Allereerst Gerco’s groep in Wageningen: Richard, Marco, 
John, Stefan, Isabella, Jacqueline, Ronny en Susan, jullie staan altijd voor me 
klaar als ik hulp nodig heb. Dank jullie wel! Ook de medewerkers van het GI 
hebben een grote bijdrage geleverd aan mijn proefschrift. Liesbeth, ik bewonder 
jouw geduld om van elk microscoop plaatje iets bijzonders te maken. Zonder jouw 
deskundigheid was dit proefschrift een stuk minder mooi geworden. Rien, Jelle 
en Geert-Jan, bedankt voor het vele sequencen en de andere ondersteuning. 
Onmisbaar voor mijn onderzoek zijn de medewerkers van de kassen, die ervoor 
zorgen dat mijn plantjes er altijd perfect bij staan. Walter, Yvette, Harry en 
Gerard, bedankt voor alle zorg voor mijn petunia’s en arabidopsis plantjes, maar 
ook voor de getoonde belangstelling en gezellige praatjes.  
 
Gelukkig waren er altijd mensen om mij eraan te herinneren dat er ook veel leuke 
dingen naast het werk te doen zijn. Hanneke en Ron, Maartje en Tuur, Mieke en 
Maarten, Horst en Hienke, Annelies en Joost, Mark, Fiepke en Eva, Henco en 
Karlijn, Mascha, Geert, Jeroen, Tim, Frank en Paulien, Rick, Jan, Nicole, Anneke 
en Gert, bedankt voor de kinky café-avondjes, de (beevee-passee) uitjes, en de 
lekkere etentjes! En Horst, natuurlijk ook bedankt voor de mooie kaft. Veel 
leuke en leerzame avonden heb ik ook doorgebracht met kameraden van 
GroenLinks. Gelukkig zijn er meer mensen die zich willen inzetten voor een 
socialere en milieuvriendelijkere wereld! 
 Pap, Ann, Sas, Heeb, Jaap, Gert, Els, Erwin en Renske, bedankt voor al 
jullie lieve aanmoedigingen en pogingen te begrijpen wat mijn onderzoek nu 
precies inhield. Gelukkig kan ik altijd bij jullie terecht voor gezellige avondjes tv-
 132 
kijken, kaart-avondjes, klets-avondjes, toffe wandelingen, tussendoor-vakanties 
en goede gesprekken. Ten slotte, lieve Kim, wil ik jou bedanken voor de grote 
steun die je de afgelopen jaren bent geweest. Wanneer ik baalde van een mislukt 
experiment, wist je mij er altijd van te overtuigen dat de schuld lag bij het DNA, 
de bacteriën of de petunia’s en bedachten we samen een goede oplossing. 
Bedankt voor al je geduld, vooral het afgelopen jaar! Ik hoop dat we nog heel veel 
jaren samen de bossen en velden onveilig zullen maken!  
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